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INTRODUCTION 
The discovery of the nltrogen-fIxing bacteria of the 
genus Azotobacter by Beljerlnck in 1901 has led to many re­
searches dealing with their distribution in soils and their 
economic importance in the maintenance of soil fertility. 
It has been estimated that an active flora of these organisms 
may fix from 15 to 40 pounds of nitrogen per acre per year In 
the soil and may act, therefore, as an economically important 
aid in keeping up the nitrogen content of the soil and hence 
In supplying the needs of growing crops for this important 
nutrient element. It has been of considerable interest to 
investigators, therefore, to determine the factors which In­
fluence the occurrence of the Azotobacter in soils. Much in­
formation has been obtained, but many observations are still 
unconfirmed and some questions are not yet answered. 
The factors which have been found to Influence the growth 
and activity of the Azotobacter are numerous. Among the most 
Important is that of the soil acidity. It has been claimed 
(Gainey (29)) that the ability of a soil to support the growth 
of these organisms can be controlled at will by artificially 
adjusting the reaction, the limiting reaction being placed at 
pH 6.0. Vandecaveye and Anderson (76), however, found the 
bacteria present in some western YJashlngton soils which were 
more acid than pH 6.0 and v;ilson, et al. (79, 81) were able to 
Induce the development of macroscopic Azotobacter colonies up­
on the surface of soil plaques in all of a series of New York 
soils tested regardless of acidity If the proper salt (usually 
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magnesitun aiffinonlxjm phosphate) pltis a carbohydrate mixture 
was Incorporated with the soil. It was concluded by these 
investigators, therefore, that numerous factors in the soil 
environment were more important In controlling the growth of 
the Azotobacter than the soil reaction. 
On the other hand, Burk and co-workers (15) in exhaixs-
tive tests with pure cultures of Azotobacter have recently 
checked Gainey's work and show that the limiting reaction for 
the fixation of nitrogen by Azotobacter was close to pH 6,0. 
They also gave what may be considered to be an explanation 
for the results of Vandecaveye and Anderson and of Vifilson, et 
al. by showing that in the presence of fixed nitrogen, the 
bacteria were able to thrive in a mediiim at reactions well be­
low pH 6,0. 
Winogradsky (87) points out that caution should be exer­
cised in applying the results of pure culture work to the soil. 
He found that the effect of the nitrogen upon the growth of 
the bacteria in the soil was to depress and often to entirely 
eliminate them. Winters (82), however, found that small a-
mounts of nitrogen added to the soil stimulated the growth of 
the Azotobacter but that the heavier applications depressed It. 
Niklas, et al. (58) attributed their failure to find 
Azotobacter in some soils with favorable reactions and high 
lime contents to a lack of phosphoric acid in the soil* 
It is evident, therefore, that investigators are not all 
agreed on the factors which Influence the presence of the 
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Azotobacter in soil and that aa a consequence, further in­
vestigation of this problem is necessary to clear up some of 
the questions which are not yet answered and \iiich must be 
answered if the most desired growth of these organisms in 
all soils is obtained, and especially if successful soil In­
oculation with the organisms can be accomplished when neces­
sary. 
A previous investigation of the occurrence and distri­
bution of Azotobacter in Iowa soils (51, 52, 53) showed that 
many of the more important soil types of the state from the 
standpoint of total acreage were practically devoid of the 
bacteria. Barely a third of the 287 samples collected con­
tained the bacteria. Undoubtedly, therefore, some factor or 
factors must be limiting the growth and hence the distribu­
tion of the bacteria in Iowa soils. Correlation studies of 
the chemical composition of the samples and the presence of 
the Azotobacter indicated that the high acidity of the large 
majority of these soils was the most important factor limit­
ing the presence of the bacteria and that the available phos­
phate content may also be of importance in many cases. Other 
factors being favorable, the results also indicated that the 
amount of growth which the Azotobacter would make in the soil 
depended largely upon the organic matter content and upon the 
pH. 
The present investigation was planned as a continuation 
of the study of the factors \'\faich influence the presence of 
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the Azotobacter in Iowa soils. It was thought desirable to 
check the results of the correlation studies with more con-
trollB d experiments in vdiich the effect of variotis soil treat­
ments upon the growth and activity of the Azotobacter while in 
the soil would be quantitatively determined. The soils se­
lected' were representatives of some of the more extensive Iowa 
soil types which were generally deficient in the organisms. 
Finally, subject to the determination of the treatment or 
treatments necessary to bring about an active growth of the 
Azotobacter in these Iowa soils, it seemed worthvAiile to de­
termine whether or not this active Azotobacter flora v/ould 
actually benefit typical Iowa crops. 
That such an experiment may be expected to meet with a 
certain amount of success has been indicated by the recent 
v/ork of Sheloumova and co-workers (64,65,66,67) with Russian 
soils. A typical experiment of these woi'kers, for exaraple , 
showed that when a Russian podzollzed soil had been Improved 
with lime and inoculated v/ith a suspension of the Azotobacter, 
increases of from 21 to 33 percent in the yield of beets, 35 
percent in the yield of potatoes and 57 to 82 percent in the 
yield of maize resulted. This problem certainly needs further 
investigation. 
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REVIEW OP LITERATURE 
A comprehensive survey of the literature on this sub­
ject has recently been compiled (52), There is no need, 
therefore, to repeat that review here, A few of the more im­
portant preferences, however, will be given to indicate the 
factors which seem to account for the presence or absence of 
the Azotobacter in a particular soil. In addition, a more 
complete discussion of the literature dealing with the inocu­
lation of soils with Azotobacter will also be given. 
Factors Affecting the Occurrence of Azotobacter in Soils 
The work of many investigators has indicated that the 
Azotobacter are sensitive to acidity (3,15,16,17,18,23,25,26, 
27,28,29,30,45,48,51,53,57,88). Christensen and Jensen (16) 
early made a contribution to this study which might be taken 
as representative of the type of results lAhich have been ob­
tained by many of the other investigators. They made a com­
parison of the pH values of 641 soils and the presence of the 
Azotobacter, Table 1 shows the frequency with which the or­
ganisms were found in the soils of different reacti. ons. 
The limiting reaction for the growth of the Azotobacter 
was placed at about pH 6,0 (15,18,23,25,26,27,28,29,30,45,48, 
51,53,57,88). Wilson and VJilaon (79) working with New York 
peat soils and Vandecaveye and Anderson (76) In the case of 
certain western Washington forest soils, however, found Azo­
tobacter in soils with reactions far below pH 6,0, It was 
concluded by these investigators that no close relationship 
Table 1. The occurrence of Azotobacter in soils of 
various reactions. (Christensen and Jensen) 
Number of Containing 
Reaction soils Azotobacter 
(pH) (percent) 
5.8 or less 57 0,0 
5.8 to 6.0 40 3,0 
6.0 to 6.2 66 10.6 
6,2 to 6.4 58 13.2 
6.4 to 6,6 74 18.9 
6.6 to 6«8 75 49.0 
6.8 to 7.0 36 75.0 
7.0 to 7.2 52 86.5 
7.2 to 7.4 32 93.8 
7.4 or above 141 100.0 
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existed between the soil reaction and the presence of the 
Azotobacter, 
Burk, et al. (15) found that a pH of 6.0 or lower was 
limiting for the growth of Azotobacter if they had to fix 
their ovm nitrogen since the process of nitrogen fixation 
stopped at this value. Vifhen combined nitrogen compounds were 
present in the medium, however, the Azotobacter were able to 
survive at pH values as lovf as pH 4.0. 
It has been shown that the Azotobacter are also sensi­
tive to a lack of an available s^ipply of phosphorus and cal­
cium (1,13,31,53,57,58,59,75,89,90). That phosphorus may be 
necessary for the growth of the bacteria has been indicated 
by the phosphorus content of Azotobacter cells which has been 
recorded as varying from 2.51 to 4.93 percent of the dry mat­
ter (41,71). 
Ziemiecka (90) found that the lack of soluble phosphate 
in some Polish soils did not affect the presence of the Azo­
tobacter but did stop their activity. Burk and Lineweaver 
(13) observed that this finding may be true since phosphorus 
was found to be non-essential to the growth of the bacteria 
except in very small concentrations. At higher concentra­
tions, it stimulated the growth of the bacteria. 
Calcium or strontium in liquid culture media were found 
by Burk and Lineweaver (13) to be essential for the process of 
nitrogen fixation by Azotobacter. In the presence of fixed 
nitrogen compounds, however, magnesium, barium or beryllium 
- 11 
could be substituted for these two elements. 
It has recently been shown that molybdenum la Indiapena-
able for nitrogen fixation and the growth of Azotobacter (7, 
13,77). To a certain extent this element may be replaced by 
vanadium. Other elements which have been shown to stimulate 
the growth of the bacteria are: thorium and uranium salts 
(•40), manganese (36,60), iodine (36), magnesium (13,42), and 
iron (36,42), 
Plumic acid has been shown to stimiilate the growth of Azo­
tobacter by many investigators and in each case an attempt has 
been made to determine the cause of its beneficial action, 
Allen (1) explained the beneficial effect of humic acid as due 
to Phosphate nutrition, Bortels (6) to molybdenum stimulation, 
Mockeridge (54,55) and Zoond (92) to "organic accessory food 
substances'* or "auximone" nutrition and Greaves (32) suggested 
a protective action against poisons, such as arsenic, by col­
loidal absorption, Burk, et al, (14) studied the subject very 
thoroughly and showed quit© conclusively that humic acid caused 
stimulation of Azotobacter grov/th primarily by virtue of its 
iron component, 
A large number of energy containing materials may be 
utilized by the Azotobacter either directly or indirectly. In 
this list may be included green manures (19,34), crop residues 
(19,34,35,66,74), composts (82), barnyard manures (19,34,62, 
82), cellulose (47), hemicellulose (20), ordinar-y sugars (43, 
44,38,74) and many orgai ic acids (24), Winogradsky (87) con-
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eludes that the only nutrients available for the use of the 
Azotobacter in its natural soil environment, are the waste 
products of organic matter decompoa-ltion which include cel­
lulose, hemicellulosQ, lignin, fatty acids and alcohols, 
A number of investigators (5,24,46,61,73,92) have ob­
served that nitrogen compounds depress nitrogen fixation by 
Azotobacter, In general it was shown that with few excep­
tions, all of the nitrogen compounds that were readily util­
ized by the bacteria inhibited nitrogen fixation entirely; 
that compounds utilized with difficulty depressed nitrogen 
fixation usually to the extent that they were utilized, and 
that whan the compomds were not utilized, they had little 
or no effect or they were stimulative to fixation, A few 
compounds of nitrogen were found to be toxic at the concen­
trations used. 
When very small amounts of nitrogen were used, parti­
cularly when applied to unsterilized soil or mixed cultures 
of the bacteria, the growth and fixing power of the bacteria 
seemed to be Increased (39,72,82). It was noted by Hills (39), 
however, that the percentage increase in the nxambers of viable 
Azotobacter cells in his experiments was about 10 times as 
great as the maximum nitrogen increase. The efficiency of the 
organisms as far as the nitrogen fixation was concerned, there­
fore, was actually decreased bo a marked degree, Burk, et al, 
(11,12) found also that even though the fixation of nitrogen 
was decreased, available forms of nitrogen in the culture 
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medium did increase the numbers of viable Azotobacter cells. 
The results obtained by Winters (82) confirm the results 
of other investigators by showing that small amounts of nitro­
gen stimulate nitrogen fixation in the soil but that heavier 
applications depress it. It was fomd that the depression of 
the nitrogen fixed in these soils correlated with a loss in 
Azotobacter flora. Winogradsky (84,86) and Ziemlecka (91) 
too found that the, application of fixed nitrogen to the soil 
in large amounts resulted in a depression of the Azotobacter 
flora and in many cases entirely eliminated the organisms 
from the soil. 
Soil Inoculation 
Stoklasa (70) tested the commercial culture "Alinlte" 
and claimed tliat its use resulted in nitrogen fixation. He 
came to the conclusion that the organism Involved was B. 
megatherium. I^ter tests, however, gave negative results so 
that it was finally concluded that soil inoculation had no 
practical value. After Beijerlnck's discovery of the non-
symbiotic nitrogen-fixer chroococcum, however, Stoklasa 
(72) in further, studies on soil inoculation concluded that 
when there was an adequate supply of carbohydrate and lime 
present in the soil. Increases in the number of nitrogen-fix-
ers in the Inoculated soils and greater crop yields and crops 
of a better quality could be obtained, 
Stoklasa, Earnest, Stranak and Vltek (72) inoculated 
soils with Azotobacter chroocoocum and grew oats, potatoes 
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and beeta on them. When sufficient carbohydrates and lime 
were present In the soil, it was found that there was an in­
crease in the numbers of Azotobacter and larger crop yields 
were obtained, 
Lipman and Brown (49) inoculated soil in cylinders in the 
field with Vinelandli and bel.lerlnckii. The soils 
were kept fallow for the first year and then were cropped with 
a rotation of oats, corn, and rye. The results obtained led 
to the conclusion that the inoculation did not increase the 
nitrogen content of the soil, 
Bottomley (8) attempted to improve soil inoculation by 
using a "humogen" culture mediiun. This was prepared by inoc­
ulating a peat with so-called humating bacteria, incubating 
until soluble humates were formed, sterilizing the material 
and then inoculating with cultures of Azotobacter and Rhizo-
bium, Russell (63) however, after extensive studies upon the 
value of "humogen" concluded that it was of no agric\ilttu?al 
value above that of any other organic material containing the 
same amount of nitrogem, 
Vogel (78) inoculated part of some soils with chroo-
cocoum and grew oats and mustard on them. He secured increas­
ed yields on the inoculated soils. He could not check these 
results, however, when the experiment was repeated in the field, 
Makrinoff (50) carried out some preliminary experiments 
on the inoculation of virgin peat soils with Azotobacter and 
reported that increases in crop yields were secured by inocula-
IS -
tlon. The addition of certain aerobic cellulose destroying 
bacteria along with the Azotobacter increased the yields to a 
much greater extent than when Azotobacter were used alone. 
Emerson (21) after some rather extensive studies on the 
problem of soil inoculation with Azotobacter, came to the con­
clusion that soil inoculation may be put on a profitable baa-
Is, Decaying oats straw was found to stimulate the fixing 
power of bel.lerinckll and vlnelandll more than clover 
hay. Emerson also found that the nitrogen fixing power of the 
organisms studied might be Increased by special methods of 
culture, 
Greaves (33) tried to accoxont for the varying results ob­
tained by the previous Investigators by suggesting that the 
crop may be decreased the first year after the Inoculation but 
show marked increases the second and third years. He suggest­
ed that in the end, the soil might be left with a larger quan­
tity of nitrogen. 
Bro-«n and Hart (8) obtained varying results with soil in­
oculation studies on a Carrington loam. In general, hov/ever, 
the results obtained confirmed many of the previous observa­
tions by showing that soil inoculation may increase the nitro­
gen content of the soil. There was some evidence, also, that 
crop yields may be increased the second year after inoculation 
even if the first year's results were negative. It was re­
commended that the preparation of cultures and their intro­
duction into the soil should be further studied. 
16 
Qainey (29) studied factors Influencing soil inoculation 
with Azotobacter on semi-arid soils and found that introduc­
tion of Azotobacter into soils which did not previotisly con­
tain then was without effect in establishing a penrianent flora. 
He fotind, however, that If the pH of a soil not normally con­
taining the organisms was raised above a pH of 6,0, either by 
the addition of Ca,GOg or basic soils in sufficient quantities, 
a permanent floi'a of the orjjanlsms coiild be established by in­
oculation. Conversely, It was foxmd that if the pll of e soil 
normally containing the organisms was lowered to a pH below 
6,0 by the addition of acids or acid soils in sufficient quan­
tities, the orgajilsms would disappear. 
For the past several years, Sheloumova and co-workers 
(64,65,66,67) have been carrying on some very s:<tensivo inoc­
ulation experiments with Russian soils. In one oxporlment 
v/ith a podzollzed sandy soil in pots in the greenhouse and on 
which maize and tobacco vJere grown, it was found that increas­
ed yields were obtained. In the pots to which chalk and Azoto­
bacter were added together, there was an increase in the nitro­
gen, while in other pots (with and without Azotobacter) a 
slight loss occurred. In another experiment the pots vfere di­
vided into four series as follows: (1) control, (2) addition 
of chalk at the rate of 32 grams per pot, (3) inoculation with 
Azotobacter and (4) addition of chalk plus inoculation with 
Azotobacter, The supply of chalk raised the yield of dry mat­
ter above that of the control by 40-60 percent for tobacco. 
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281 percent for mustard and 67 percent for maize; inoculation 
with Azotobacter increased the yield of tobacco 36-45 percent, 
mustard by 10 percent and maize by 4 percent; the addition of 
chalk with Azotobacter raised the yield 50-97 percent for to­
bacco, 285 percent for mustard and 59 percent for maize. 
Prom an analysis of the soils it appears that during the ex­
periment the gross amount of nitrogen very markedly diminish­
ed in all the soils without Azotobacter especially in cultures 
with a long vegetative period such as tobacco. In soils in­
oculated with Azotobacter, the loss of nitrogen was consider­
ably reduced and in the soils on which tobacco was grown a 
considerable increase of nitrogen, 593 mgm. per pot was ob­
tained, It was concluded from these results, therefore, that 
inoculation of the soils with Azotobacter had benefited crop 
yields and had lessened the loss of nitrogen from the soils. 
Sheloumova, et al, (67) also carried out some field ex­
periments on small plots 25-50-100 sq. meters. The experiment 
was duplicated on podsolized sandy loam, loam and sandy soils 
in different parts of Russia. Potatoes, beets and maize were 
used as experimental plants. The same series of treatments 
were used as in the pot experiments. It was found that: (1) 
inoculation of the soil with Azotobacter increased the yield 
of beets 21-33 percent without affecting their quality; (2) 
inoculation increased the yield of potatoes 35 percent; (3) 
inoculation with Azotobacter on sandy soils prepared for po­
tatoes diminished the probability of Infection by scab; and 
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(4) Inoculation increased the yield of maize 67-82 percent. 
They conclude from this that the use of Azotobacter as a 
"bacterial manure" gives positive and very significant in­
creases in the yields of some plants. 
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EXPERT f.roTlTAL 
The fxindainental purpose of this work was fco study the 
effect of different fertilizers or combinations of fertilizers 
upon the grov/th and activity of the Azotobacter in some Iowa 
soils with a view of detarniining the factors which affect the 
occurrence of these organiama in the soils of the state. It 
also seemed desirable to detennine whether or not an active 
growth of the Azotobacter in the soils would actually benefit 
some typical Iowa crops. 
The first studies were made of the effect of inagnoslum 
autnonlum phosphate upon the Azotobacter. This compound was 
selected for particular study since J. K. V/ilson (80) had 
found that it greatly stimulated the {trowth of the Azotobact­
er when used in soil plaques. Upon the addition of this com­
pound, he was able to detect the presence of the Azotobacter 
in 50 out of 54 New York soils which had reacted negatively to 
the presence of the Azotobacter by usual methods. Results 
which have recently been published (81) verify these conclu­
sions. 
In a second experiment, samples of some of the mDre ex­
tensively occurring soil types in the state which had been 
found to be generally deficient in the Azotobacter were treat­
ed with a combination of different fertilizers, inoculated 
with a suspension of Azotobacter and the effects of the treat­
ments upon the growth of the bacteria over a long period of 
time were determined statistically. 
Having found in the previous experiment that an active 
"• 20 "• 
growth of the Azotobacter could be maintained in some acid 
Iowa soils by the addition of lime sufficient to raise the pH 
up to about the neutral points^ inoculation experiments with 
the Azotobacter were conducted. This experiment, hov;ever, was 
actually designed for two purposes, Pirat, considering only 
those samples which had been Inoculated, the object was to de­
termine whether or not the Azotobacter v/ould survive in the 
soil, other factors being favorable, when plants were growing 
and competing for the mineral nutrient available. And second­
ly, It was thou^^t desirable to determine whether or not an 
active flora of the Azotobacter in the soil would fix suffic­
ient nitrogen so that plant growth would be stimulated. 
Methods 
Collecting Soils, VJhen large quantities of soil were 
collected for the pot experiments, the exposed surface was 
scraped off and the soil taken to a depth of approximately 6 
inches. The soil was brou^t to the laboratory in canvas 
bags where it was passed through a coarse sieve to pulverize, 
remove any foreign materials and thoroughly mix it. No spec­
ial precautions were taken to prevent these soils from contam­
ination. 
In collecting the saitples from the potted soils for 
cultural purposes, sterile sampling tubes were used. The 
samples were collected from 3 or 4 places in the pot to a 
depth of 3 or 4 Inches and placed In small "coin" envelopes. 
Usually not more than 10 grams of soil were removed in this 
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way. 
Culturlng for Azotobacter. The VJinogradsky soil plaque 
method (83,84,85) was used In some experiments. The proced­
ure in these tests consisted of the thorough mixing of 0,75 
gm. of mannitol, 200 mgra. of calcium carbonate and 300 mgm, of 
potassium hydrogen phosphate with 50 gm, of soil, and the ad­
dition of enough water so that a moist pasty mixture was ob­
tained. The material to be added, v/hen soluble, v/as dissolved 
in the water and thvis incorporated. The mixture v/as placed in 
a 5-centimeter petri dish and the surface made smooth with a 
moist spatula. These plaques were then Incubated in a moist 
chamber at 28® C. for 48 to 96 hours. If a suitable environ­
ment v/as provided and the Azotobacter were present in the soil, 
macroscopic colonies were readily seen on the surface of the 
soil. The appearance of such colonies demonstrated the pres­
ence of the Azotobacter in the soil. When magnesium ammonium 
phosphate was used in this method, it was added at the rate of 
1 gram per 50 grama of soil. 
The method usually used for the detection of the Azoto­
bacter was the agar-plat© method (18), In this method a ni-
trogen-free agar mediiim was prepared, poured into large petri 
dishes in 50 cubic centimeter amounts and allowed .to solidify. 
The soil to be tested was dried over night, passed through a 
20- and then through a 40-rae3h screen and the fraction passing 
throu^ the 20-mesh but cau^t by the 40-rae3h screen was used 
for the determination. Five hundred milligrams of the sieved 
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soil were taken for the test, placed in a Gooch crucible and 
sprinlcled evenly over the surface of the plate. The plates 
were then incubated at 28® C. for 48 hours after vjhlch time, 
if the Azotobacter v;ere present, large, partially opaque, 
raised colonies appeared on the surface. Examples of the 
type of colonies obtained are shov/n In figures 1 and 2. Col­
ony counts were made at the end of an Incubation period of 48 
hours. At the end of a week's time or slightly before, the 
colonies turned a dark brown. Total-nitrogen determinations 
were made after the plates had incubated for 7 days. 
The nitrogen-free nutrient agar medium used in the agar-
plate method consisted of 15 gm. of agar, 10 gm. of commercial 
cane sugar,10 gm, of mannltol and 2 gm. of the following stock 
salt mixture for each liter of medium; 
Di-potaasium phosphate * 100 parts. '^A) 
Magnesium sulfate 60 " 
Sodium chloride 60 
Ferric sulfate 1 
Tilanganese sulfate 1 
Calcivim carbonate 178 
Molybdic add 1 
Inoculum used. The Azotobacter inoculum used in these 
experiments consisted of 10 cubic centimeters of a suspension 
of the organisms obtained by suspending in tap vmter the 
growth which could be scraped from the surface of largo agar 
slants of the bacteria. The cultures used for this purpose 
consisted of pure cultures of vinelondll. Az. bei.lerinckll 
and ^ 4 ohroococoum whlcli were obtained throxi^ the courtesy 
of Dr. N. R. Smith of the Bureau of Plant Industry and of l!3 
Pigo lo Appep.rance of Azotobacter* coloai'^s on n:! "ro ""n-rree agar olatesf a 
sparse so'l flora is :lndicar>od by fi-v.' colonies on t5 oso t)latGs 
° 504 ore. tIS'jB e0<3j»liora2 
"Q.7U ue- D_aSija u nuj iiuoico aozoB^ . 0r,]0Z'i' o., °2 'Ci-
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other unidentified cultures which had been isolated for the 
purpose by means of Wlnogradsky's (87) rapid sodium benzoate 
method from 13 Iowa soil types. Each culture used was able 
to fix nitrogen vigorously when tested by the nitrogen-free 
agar plate method using a combination of mannltol and commer­
cial sucrose as energy source. 
Analytical Methods. The pH of the samples taken was de­
termined electrometrlcally by the qulnhydrone method as de­
scribed by Billmann and Jensen (4), 
The lime requirement determinations were made according 
to the method of Hardy and Lewis (37) and by the potassium 
thiocyanate method (38). 
Total nitrogen determinations were made according to the 
recommendations of the Association of Official Agricultural 
Chemists (2), 
The optimum field moisture capacity of the soil samples 
v/as determined by adding stafficlent water to the • air-dried 
soil to bring the moisture content up to a point where the con­
sistency was like that In the field soil in its best physical 
condition. This moisture content for each type used was main­
tained by regular additions during the course of the experi­
ment . 
Statistical Methods. As an aid to the interpretation of 
the data presented, the results were analyzed statistically 
by the analysis of variance method (69). 
Soils used. Typical samples of four soil types were 
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employed in this investigation. A Qrxmdy silt loam, a Clin­
ton silt loam. Clarion silt loam and a Clarion fine sand were 
the types used. Descriptions of these types together with 
others referred to in later pages may he found in the litera­
ture (10). The chemical characteristics of each type are 
given in table 2. 
The Influence of Magnesiiim Ammonium Phosphate upon the 
Azotobaoter 
;ion of magnesium ammonium phosphate to soil plaques. 
The first question asked was whether or not the magnes-
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Table 2, The pH, lime requirement and total nitrogen con­
tent of the principal soils used in this investi­
gation. 
Soil 
(CouJity) 
pH 
: Lime requirement : 
: (tons/acre) s 
: Hardy- j Potassium tTotal 
s Lewis : thiooyanate :Hltrogen 
; method ; method !(Lbs./acre) 
Grundy 
silt 
loam 
Warren 5.17 4.10 4,340 
Clinton 
silt 
loam 
Warren 6.22 1.95 2 - 2 ^  2,840 
Clarion 
silt 
loam 
Dallas 6,47 3,740 
Clarion 
fine 
sand 
Jasper 5.98 2.20 2 726 
28 
lura aramonium phosphate treated soll-plaquea would show the 
presence of the Azotobacter In samples of Iowa soils which 
had reacted negatively to their presence by the usual methods. 
In answer to this question, a series of soils from a previous 
Investigation (53) representing a variety of soil types and 
conditions and collected from all parts of the state were used. 
Many of these soils had reacted negatively to the presence of 
the Azotobacter by both the soil-plaque and the a gar-plat© 
methods. Some of the soils had been stored in glass quart jars 
and were still moist. Others were in the air dry condition 
and v/ere moistened to optimura field capacity and kept at room 
temperature for a period of two months before the test was 
made. Tests were then made for the presence of the Azotobacter 
on a cross section of these soils by the soil-plaque method 
with and without magnesium ammonium phosphate present. In ad­
dition, several ^ stmples were collected fresh from the field 
and used in this comparison. 
The samples of soil used in this experiment together with 
the results which were obtained are shown in table 3, 
The results with the soil-plaque method were very un­
satisfactory. At the end of 24 hours with the magnesium ammon­
ium phosphate treated plaques, there was a tendency toward the 
formation of a dense, white, bacterial growth. At the end of 
48 hours, in many cases, the dense bacterial growth had actual­
ly developed. In others, a vigorous mold growth had complete­
ly covered the plate. In some cases, microscopic examination 
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Table 3. The presence of Azotobaoter in soils as determined 
by the soil-plaque and agar-plate methods with and 
without magnesium ammonium phosphate additions. 
: : ; Occurrence of Agotobacter 
: : : Soil-plaque : Agar-plate 
; : : method : method 
Sample : : : MgNH4P04.7H20 : MgNH^PO^.THaO 
number : Series ; pH : present Tabs enlE! present t absent 
4 Clarion 5.61 0?* 0 2 0 
11 Shelby 5.48 0? 0 2 0 
19 Muscatine 7.27 0 32 2 
91 Marshall 6,80 0 0 19 1 
203 Grundy 7.12 0 0 15 1 
207 Muscatine 5.45 0 0 4 0 
246 Carrington 5.87 +? +? 0 0 
245 Watikesha 5.51 0 0 0 0 
249 Floyd 5.32 + 200 186 
253 Clyde 6.66 + + 200 140 
255 Ployd 6.22 +? +? 5 0 
258 Carrington 6.07 +? +? 2 0 
257 Carrington 6.14 + +? 13 0 
290 Grundy 5.56 0 +? 13 0 
305 Clinton 5.87 0 0 17 0 
318 Tama 5.71 +? +? 5 0 
917 Clarion 5.32 0 0 0 0 
918 Clarion 5.80 0 0 0 0 
919 Clarion 6.86 0 0 0 0 
920 Clarion 7,00 0 0 0 0 
932 Webster 8.12 + + 186 183 
* 0? s= Presence of Azotobacter questionable, 
+? ss Plaque may contain Azotobacter. 
+ a Azotobacter definitely present, 
s= Refers to Azotobacter colony cotint. 
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of the dense bacterial growth showed typical Azotobacter cells 
present. In others, the colonies consisted of small and long 
rods some of which were in very long chains and 'were not typ­
ical. In some cases the colonies formed the brovm pigment 
characteristic of the Azotobacter. In most cases, however, 
after 48 hours such a dense fiongal growth had developed that 
pigment production could not bo detected, indeed, the mold 
growth completely concealed the originally observed bacterial 
growth. Wherever the dense, white, bacterial growth could be 
detected in 48 hours, the samples were marked, 0?. When the 
microscopic examination showed typical Azotobacter colonies 
present although no brown pigment could be seen, the samples 
were marked, +?, Typical cultures of the Azotobacter were 
readily identified both by the microscopic examination and the 
production of pigment in the samples which were marked, +. 
These results indicate that there may be some stimulation of 
the gx'owth of the Azotobacter by the magnesium ammonium phos­
phate. It was so difficult to deteirmine whether or not typi­
cal colonies of Azotobacter were obtained, however, that it 
would perhaps be unsafe to do more than draw very general con­
clusions. 
Addition of magnesium ammoniymi phosphate to nitrop;en-free agar 
plates. 
The method that had been adopted in previous experiments 
(18) for the detection of the Azotobacter in soils was that of 
the nitrogen-free agar plates. This method had been adopted 
because of the ease of preparation of the plates, and because 
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the presence of the Azotobaoter in the soil was so easily and 
unquestionably detected. In this method too, an idea of the 
quantity of Azotobaoter growth present in the soil could be 
more readily determined since colony counts could be made. In 
169 samples of soil in v/hich this method was compared with that 
of the soil-plaques, agreeing results were always obtained. 
It v/as decided, therefore, to determine whether or not the mag­
nesium ammonitim phosphate v/ould stimulate the growth of the 
Azotobaoter when it was lncorpo,rated in the regular agar-med-
ium used. The results which were obtained with the same set 
of soils used in the soil-plaque tests are also given in table 
3. 
The colonies v/hioh appeared on the plates containing the 
magnesium ammonium phosphate medium, except with samples 249, 
253 and 932, were not typical Azotobaoter colonies. They did 
not appear until after about 6 days incubation, they grew 
very slowly, were very white, and even after 14 days incuba­
tion, they v/ere not very large. At the end of 14 days they 
turned a dark brown in the center and this gradually crept to 
the sides until the whole colony was brown. The cells of these 
colonies, however, when examined under the microscope looked 
like those of typical Azotobaoter cells. In addition, when 
transfers were made from these colonies to fresh media, typi­
cal, vigorous growing Azotobaoter colonies were obtained. It 
may be concluded, therefore, that these colonies represent the 
presence of Azotobaoter In the soil but in such a state of in­
activity, perhaps, that It takes a little time for them to re-
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surae an active growth In the vegetative state. Soil samples 
249, 253 and 932, however, gave vigorous growing typical Azo-
tobacter colonies. In these cases, it may he observed that 
the plates treated with magnesium ammonitim phosphate contain­
ed more colonies of Azotobacter than did the regular plates. 
It would appear from these results, therefore, that mag­
nesium ammonium phosphate does actually stimulate Azotobacter 
growth and that some soils which reacted negatively fco a test 
of their presence by the regular method, may actually contain 
some of the organisms. The character of the colony grov/th in 
this case, however, indicates that the organisms are present 
in an inactive state in sxich soils and become active only with 
difficulty. If such ia the case, they may not be of import­
ance from the agronomic standpoint In the soil, 
Siriilar conclusions may be drawn from the results which 
were obtained from the following experiment. 
Sauqjles of two Iowa soils v/hich v/ere too acid for the 
grov/th of the A550tobacter were collected and treated with dif­
ferent amounts of lime, inoculated with a suspension of the 
Azotobacter and allowed to incubate for two months then a de­
termination was made for the quantity of Azotobacter growth 
present in the samples by means of the agar-plate method both 
in the presence and in the absence of magnesium ammonium phos­
phate, The soils sampled were a Gi^'undy and a Clinton silt 
loam, for vfliich some characteristics are given in table 2, 
The lime requirement of the Gr;indy silt loam was 4 tons per 
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acre, that for the Clinton ailt loam was 2^^ tons per acre. 
The amounts of lime •used \7ere 0, -I, 1 and 3 times the lime re­
quirements. Duplicate experiments were conducted. 
The results which were obtained are shown in table 4, 
The Azotobacter colony count on the plates from the soils 
which had received 1 and 3 times the lime reqialrements was ob­
tained as follows: A series of inch squares was ruled on a 
sheet of paper and numbered and the plates to be counted were 
placed over them. Six of these squares out of a possible 20 
were selected at random by drawing n^umbers out of a hat and 
the colonies of Azotobacter appearing in the squares were 
coimted. Duplicate sets were drawn for each plate, averaged 
and multiplied by 20 to obtain the colony count, which Is re­
corded in the table. 
In every case except one, the plates which contained media 
treated v;lth magnesium anamonium phosphate contained more Azoto­
bacter colonies than those plates containing the regular med­
ium. It is quite obvious, therefore, that magnesium ammonium 
phosphate stimulates the growth of the Azotobacter. 
It should be pointed out, however, that all of these 
soils had been Inc/uulated with the same suspension of the bac­
teria, The different lime trea'tments, therefore, brou^t a-
bout an environment that was increasingly favorable for the 
growth of the Azotobacter aa the lime treatment Increased. 
This is indicated by the Increasing Azotobacter colony count 
as the lime treatment increased. These differences in colony 
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Table 4, Azotobacter colony count on nitrogen-free agar 
plates with and without magnesium ammonium phos­
phate present in the medium for Grundy and Clin­
ton silt loam samples iti ich had been treated with 
different amounts of lime. Inoculated with Azoto­
bacter and allowed to incubate two months before 
sampling. 
Treatment 
in lime re­
quirements Block 
Grundy silt loam : Clinton silt loam 
jMKNH4P04..7Ha0 : ;M/;?HIUP0a.7Hp0 
pH :pre3ent:absent: pH :present:absent 
0 
A 
B 
Mean 
• 
5,50 29 0 ! 6,13 160 12 
5.35 42 9 ! 6.08 241 18 
5.42 36 4 : 6.10 200 15 
: 
A 
B 
Mean 
• 
6.25 384 234 i 6.59 1330 208 
5.98 517 257 : 6.39 1180 437 
6.12 450 246 : 6.49 1255 322 
• 
« 
1 
A 
B 
Mean 
• 
6.72 1144 1170 i 6.87 1633 1167 
6.72 860 846 : 7.17 2140 1000 
6.72 1002 1008 : 7.02 1886 1084 
• 
• 
3 
A 
B 
• 
7.71 1570 1326 1 7.73 2352 1290 
7,62 1940 1550 ; 7,85 2230 1091 
7.66 1755 1438 : 7.79 2291 1190 
t 
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counts with lime treatment were ^own by both the magnesium 
ammonium phosphate treated medium and the regular medium even 
though the count with magnesium ammonium phosphate was the 
higher of the two. It appears, therefore, that the increased 
count on the magnesium aminoniura phosphate medium may have re­
sulted from the stimulation of the cells v/hich had passed In­
to a partially inactive state of existence. If such were the 
case and it was conceded that the regular medium detected only 
those cells v/hich were in an active state of growth, then for 
the exporimental work which is to follov/, it would perhaps be 
bettor to \ise the re^lar meditun for the detection of the 
bacteria. 
Further evidence for the hypothesis that the magnesium 
ammonium phosphate stimulated the growth of the Azotobacter 
which had lapsed into a partially inactive state of existence, 
as in the case of the previous experiment, may be obtained 
from observations of some of the colonies which appeared on 
the magnesium ammonium phosphate treated medium. In many cases 
these colonies were very small, much whiter than nomal colon­
ies and they appeared on the plate somev/hat later than those 
generally recognized as being typical. In each case, however, 
these oolbnies finally turned brown and microscopic examin­
ation showed typical Azotobacter cells present. 
These results, however, further emphasize the fact that 
magneslTxm ammonliim phosphate does stimulate the growth of the 
Azotobacter, 
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V/hy magnesium eanmoniiim phosphate stimulates Azotobaoter 
growth. 
The reason for the stimulation of Azotobaoter growtti by 
magnesitim ammonium phosphate probably rests upon its content 
of available nitrogen. The regular medlvua used contains an 
excess of magnesium as imgnesium sulfate and also of phos­
phate as potassium hydrogen phosphate. The only substance 
lacking from the regular medium which is present in the mag-
nesi\im ammonium phosphate is nitrogen. Either this compound 
presents an ideal arrangement of the magnesium, ammonium and 
phosphate groups so that the stimulation would be, specific 
for this compound or it would have to rest with the nitrogen 
factor. 
The work of a number of investigators has indicated that 
the Azotobaoter are stimulated in their growth by the presence 
in the medium of small amounts of nitrogen. Larger amounts of 
nitrogen in mixed cultures have hindered or entirely elimin­
ated the growth of these bacteria. Thtis, for example. Hills 
(39) observed a marked stimulation in the numbers of viable 
Azotobaoter cells when sodium, potash urn or calcium nitrates 
were added in small amounts to soil cultures. Winters (82) 
found that 100-pound applications of NaNOs or equivalent a-
mounts of nitrogen in (^4)3804 or Ca(N03)2, stimulated ni­
trogen fixation by Azotobaoter in the soil but that all 
heavier applications depressed it, Stoklasa, too, (72) ob­
served that small amounts of nitrogen stimulated the growth of 
Azotobaoter, 
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Magnesltun ammonium phosphate may furnish a small amount 
of nitrogen source for Azotobacter since It is a very sli^tly 
soluble compound. Its solubility in cold water Is only 0,0231 
parts per 100 parts of water. The addition of this corapo\md 
to a culture medium, therefore, regardless of the amount added, 
results in the presence of only a small amoxmt of ammonia ni­
trogen in solution. On the basis of the results of the inves­
tigations cited, it seems reasonable that a stiraulation in the 
growth of the Azotobacter should result. 
To test out this hypothesis, the following simple experi­
ment was conducted. To the regular nitrogen-free agar medium 
were added increasing amounts of available nitrogen as potas­
sium nitrate. The smallest quantity of nitrogen added In this 
form was equivalent to 0,1 the amount of nitrogen in tte mag­
nesium ammonium phosphate istolch is soluble In cold water, l.e, 
0,0231 parts per 100 parts of water. All additional quantities 
of potassium nitrate were multiples of this amount. Duplicate 
plates were poured from the respective media in the usual man­
ner, allowed to solidify and the surface was then sprinkled 
with 0,3 grains of the highest lime treated Grundy wilt loam 
sample used in the previous experiment. Plates containing 
the regular medium with and without magnesium ammonium phos­
phate were also prepared and used in this test. All of the 
plates were incubated at 28® C, for 3 days after which time, 
counts were made of the Azotobacter ooloniea which had appear­
ed on the surface of the plates. 
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The results which were obtained are shovm in table 5, 
It may be observed that the magnesium aranionium phosphate 
caused the appearance of a larger number of colonies on the 
surface of the agar plates than appeared with the regular med­
ium. This was to be expected from the prevloixs results. The 
smallest amounts of potassium nitrate did not give a measurable 
stimulation to the growth of the bacteria. When 0.19 grams 
per liter of potassium nitrate were added, however, a very 
large stimulation occurred and larger applications caused a 
still greater increase in colony count over that on the regu­
lar medium. The stimulation with potassium nitrate In these 
cases was very much larger than that with magnesitim ammonium 
phosphate showing that the stimulation can not only be dupli­
cated by the addition of small amounts of available nitrogen 
to the medium but can actually be excelled. The stimulative 
action of magnesium ammonium phosphate, therefore, probably 
rests with its content of available nitrogen, which, because 
of the slight solubility of this compound in water, is pres­
ent in the medium in small amounts. 
Since this experiment seemed to answer the question as to 
what the stimulative effect of the magnesium ammonium phos­
phate was, the problem was not pursued further. In the exper­
iments which follow, however, one of the fertilizer treatments 
consisted of nitrogen. 
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Table 5. Azotobacfcer colony count on agar plates to which 
had been added varying amounts of nitrogen as 
either magnesium animonl"uin phosphate or potasplum 
nitrate when Inoculated with Grundy silt loam. 
Salt addition 
to regular medium 
per liter 
; Colony 
: count 
: per Kram 
: Deviation from 
; colony count on 
: regular medium 
No addition 300 — 
1.0 gram Mg!m4P04.7H20 333 33 
0.0019 It KWOCE 307 7 
0.0057 II It 303 3 
0.0114 II It 310 10 
0.019 n II 297 -3 
0.095 II II 293 -7 
0.19 II II 427 127 
0.285 II II 500+ 200 + 
0.38 It II 500+ 200+ 
0.475 II II 500+ 200+ 
0,57 II II 500+ 200+ 
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The Inflxienoe of Different Fertilizers or Combinations 
of Fertilizers upon the Growth and Activity of Azoto-
baoter In typical samples of Clinton. Grundy and Clarion 
silt loama 
Typical samples of three soil types, i.e. Grundy, Clin­
ton and Clarion silt loam, were chosen for this experiment, 
the surface soil only being employed. These samples repre­
sent a wide variety of soil conditions as may be observed in 
table 2, The Grundy silt loam vras very acid in reaction; It 
represents a soil type that was developed under prairie con­
ditions so that it contained a large amount of organic matter; 
and it is of loessial origin. The Clinton silt loam also rep­
resented a soil type of loessial origin but it had developed 
under forested rather than prairie conditions and, as a con­
sequence, contained very little oi'ganlc matter. It was less 
acid in reaction than the Grundy silt loam having a pH of 6,22. 
On the basis of the results of other investigators, this should 
be about the limiting value for the growth of the bacteria. 
The Clarion silt loam differed from the other soils in that it 
was of glacial origin and had a much hi^er pH, The pH of 
6.47 was high enough that the Azotobacter would not be expect­
ed to have been limited from this cause. All of these samples 
were alike in that they represent soil types which occur ex­
tensively in the state and which are generally lacking in Azo­
tobacter as shown by the previous investigation (53). Azoto­
bacter could not be detected in the samples used. 
Due to the higher pH of the Clarion silt loam, the ferti-
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llzer treatments wore slightly different than those for the 
Grundy and Clinton silt loams. The results for this sample, 
therefore, vd.ll be discussed after those for the Grundy and 
Clinton silt loams. 
In these experiments it seemed desirable to study the 
effect of different amounts of the following fertilizers: (a) 
Lime for the purpose of varying the pH of the samples, (b) oat 
straw for the purpose of increasing the organic matter content, 
(c) sodium nitrate in order to determine whether or not small 
amounts of nitrogen added to these soils whould actually stim­
ulate Azotobacter grov;th, and (d) treble superphosphate in 
order to increase the amount of available phosphate. 
Tlie lime treatments consisted of pure calcium carbonate 
so that the soils came to equilibrivim at a definite pH very 
rapidly. The phosphate used' v/as "Anaconda" treble superphos­
phate and contained 45,35 percent available P2O5. The oat 
straw had been ground to pass through a 10 mesh screen. The 
soditim nitrate was of commercial chemical stock. 
In order to obtain as much information as possible about 
the effect of these fertilizers upon the Azotohaotierjj the fac­
torial design v/as employed (22). The different amounts of 
each of the four fertilizers used for the Grimdy and Clinton 
silt loam samples wei>e aa follov/s: 
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Fertilizer Amounta per acre-> 
lol ill (5) 
(P)-Treble superphosphate ,. .. . 0 300 • - pounds 
100 500 - ft 
2000 • n 
(L)-Lime (calcltam carbonate ... 0 i a 1 3 lime req. 
-•i Based on 2,000,000 pounds of dry soil. 
Combining the different amounts (represented by the sub­
scripts o, 1, 2 and 3) of the different fertilizers (repre­
sented by P for superphosphate, H for sodium nitrate, etc.) 
in every possible combination resixlts In 48 different group­
ings representing the treatments to be used as follows; 
Pot number and treatment 
(1) Po^oOo^o (13) Po^OlI-o (25) PAOo^o (37) PlNlOiL^ 
(2) PoNoOo^l (14) Po%OiLi (26) PlNoOoLi (38) PA°i^ 
(3) PONOOOJ"-2 (15) Po^lOlJ^ (27) ^l^^o^o^ (39) PlN]^0iLg 
(4) 
C \ 
^o^o^o^S 
p 
(16) Po%Ol% (28) P1NOOOL3 (40) 
\ ) 
(5) Po^oOlLo (17) P o^S'^o^o (29) PAOii^ (41) Pl^20ol^ 
(6) PoNoOiLi (18) PON20OI'1 (30) PIVI^ (42) PlNgOoLi 
(7) PoNoOl^S (19) PoN20oLg (31) P1N001L2 (43) Pl^2°o^ 
(B) Po^oOl^S (20) Po^2°o^ (32) (44) PAOoI'S 
(9) Po^lOoI^o (21) Po^Ol^o (33) PAOo^o (45) PlKgOiL^ 
(10) Po^l^ola (22) PoNgOiLi (34) PA^o^ (46) P^NgOiLi 
(11) ^'o%0o^2 (23) Po^2°l^ (35) ^l^l^o^ (47) ^^1^201^ 
(12) Po%0o^3 (24) Po%°1^3 (36) Pl^l°o^-'3 (48) PlNgOlLg 
Nine-hundred grama of the air dried saitroles were placed 
in each of 48 glazed quart pots. Each portion of each of the 
two types was then given a fertilizer treatment to correspond 
to one of the 48 treatments listed above. The selection and 
treatments were made at rsuidom by drawing beans which had been 
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numbered from 1 to 48 to represent the treatments from a 
small beaker and then treating the soil with the combination 
of fertilizers represented by the n\«nber chosen. The fertil­
izers v/Mch were added were thoroughly mixed v/ith the soil in 
what may be termed a "miniature cement mixer." The sodium ni­
trate was added In solution. Each portion of soil was then 
brought up to optimum field moisture content and inoculated 
with a suspension of Azotobacter as described previously. 
The 3an5>le3 were inoculated on June 11, 1936. To insure 
a thorough mixing of the organisms with the soil, twice prior 
to the first sampling for Azotobacter, each sample vms poured 
out on a large square of paper and completely mixed. Between 
each time of sampling, this mixing process was repeated, Ilie 
weight of each pot was taken and during the course of the ex­
periment the moisture content of the samples was kept up by 
frequent additions of distilled v;ater. The pots were placed 
in the basement during the summer months. The temperatui'e 
here ranged from 20 to 30® C. For the winter months they were 
removed to the laboratory. 
In order to determine the influence of these treatments 
upon the Azotobacter, quantitative estimations of the numbers 
present were made at the end of 1, 3, 6 and 9 months. The 
test of the time factor was desirable since tho influence of 
some of the treatments might be expected to appear only v/ith 
time and also for the inoculation experiment which is to fol­
low, it was necessary to determine whether or not some treat­
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ment combination vrauld improve the soil environment so that 
the Azotobactor would remain active for long periods of time. 
For the first sampling, at the end of one months incuba­
tion, colony counts wore mado. Such a large number of organ­
isms v/ero present in some ol" the soils, however, that even 
though only 0.1 to 0,2 gram samples were used, it was very dif­
ficult to obtain counts. For these soils, the estimation meth­
od was used and consisted of the careful counting of the colon­
ies which appeared in 6 out of a possible 20 square inch 
squares as described in the previous experiment. It was also 
noticed that on many of the plates, some of the colonies ap­
peared to be more active than others in which case a colony 
count v;ould not give a true picture of the activity of the or­
ganisms. 
It was found that accurate determinations could be Kiado 
of the amount of nitrogen fixed by the cells growing on the 
nitrogen-free agar plates, A comparison of the colony count 
on some plates v'uhlch contained few but very active colonies 
with the amount of nitrogen fixed by the organisms growing on 
these plates is shown as follows: 
Colony co-unt Milligrams of 
per plate nitrogen fixed 
1 
2 
2 
2 
3 
3 
4 
0,0 
0.2 
0.6 
0,8 
1.6 
1.8 
1*4 
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Oolony covait Milligraiao of 
t>Qr plafce nitrogen fixed 
4 
5 
5 
6 
8 
8 
10 
11 
17 
2.0 
2.0 
2.6 
2.4 
2.6 
3.0 
3.8 
4.8 
6.4 
It may bs observed that the variation in amount of nitrogen 
fixed compared very favorably with the variation in colony 
count. It seems reasonable to concl^ide tiiex^efore, that a de­
termination of the amount of nitrogon fixed on the agar plates 
would give a direct indication of the growth and activity of 
the Azotobacter in the corresponding soils. Since the accuracy 
of the colony coimt was questioned together with its ability 
to measure the real activity of the bactex'ia and since the to­
tal nitrogen determinations seem to be quite satisfactory, in 
aubseqtient samplings of the soils for Azotobacter, the total 
nitrogen d.etermination was the method employed. 
G'llnton silt loam results. 
'Die, Azotobacter colony count that was obtained foxsm the 
Clinton a ill; loam samples after one raonthla inctabation is ^ovm 
in table 6. The avej:'age milligrams of nitrogen fixed per gram 
on nitrogen-free agar plates after 3, 6 and 9 months incubat­
ion of the Clinton silt loam samples are ahown in table 7. The 
influence of the lime treatment upon the Azotobacter probably 
rests with its of feet in c?iang?.ng the reaction of the sample. 
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Table 6. Average Azotobacter colony count per gram on 
nitrogen-free agar plates for variously treated 
pots of Clinton silt loam Inoculated with Azoto­
bacter and allowed to incubate one month before 
sampling» 
Pi 
Treatments No Hi N2 No : % Ng 
10 10 12 13 8 24 
A 
300 416 208 95 208 541 
Uo 
1200 688 1167 1500 1075 1250 
% 3092 1855 1290 1635 1452 1000 
Lo 9 17 47 29 53 18 
la 179 347 143 389 138 437 
Ol 9 
Lg 1308 857 2260 934 1077 1000 
1241 1436 817 1050 970 1091 
Oq & 0]^ = Oat straw equivalent to 0 and 2000 potinds 
per acre respectively. 
Pq & » Treble superphosphate equivalent to 0 and 
300 pounds per acre respectively, 
No» % ^ ® Sodium nitrate equivalent to 0, 100 and 
500 pounds per acre respectively. 
^o» L2 & Iq - Calcium carbonate equivalent to 0, 1 
and 3 times the lime requirement re­
spectively. 
Table 7, Average milligrams of nitrogen fixed per gram on 
nitrogen-free agar plates for variously treated 
pota of Clinton silt loam inoculated with Azoto-
bacter and allowed to Incubate 3, 6 and 9 months 
before sampling. 
Pn Pi 
Treatments No : Ni s Ng No : Nj : ^2 
lo 
• 
3 
6 g 
.0 
.0 
.0 
.0 
.0 
•0 
.0 
,0 
,0 
,0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
®o 
Ll 
A 
•p 
i 
3 
6 
9 
10.80 
13,40 
6,80 
1.76 
11,60 
6,00 
1,16 
13.60 
6.40 
, ] 
6,44 
10,80 
,6.80 
7.88 
11,20 
11,20 
7.88 
3,00 
7,00 
•H 
XJ 
o 
•H 
U 
3 
6 
9 
12.28 
18,20 
15.40 
11,70 
10,20 
16,40 
12,86 
16,60 
14,60 
13,16 
16.20 
344.00 
13,72 
17,40 
16,20 
9,64 
17.40 
14,80 
0) 
P< 
d 
•H 
+3 
3 
!6 
l9 
12.28 
19.40 
17,20 
10.80 
17.80 
16.00 
13,16 
18.00 
17.20 
m.7o 
3B,80 
l'6.40 
11,40 
16,80 
16.00 
13,72 
17.40 
16.60 
• 3 
§ :6 
5t9 
• 
,0 
,0 
.0 
,0 
.0 
,0 
,0 
,0 
,0 
,0 
,0 
.0 
.0 
.0 
.0 
,0 
.0 
.0 
Ll 
«H 
o 
3 
6 
9 
1.16 
13,20 
11,60 
10.50 
6,30 
7.30 
8,48 
3,20 
11,00 
2.34 
13,60 
12.60 
7.88 
14,80 
12,00 
9.06 
14.80 
7,40 
•'1 
Lg 
•p 
bO 
a 
3 
3 
6 
9 
10.20 
15.60 
14,80 
10.50 
17.80 
13.60 
12.28 
18.20 
14.20 
11.40 
18.20 
15,60 
12,86 
18,00 
14,20 
9,96 
16.80 
14,80 
3 
6 
9 
11.10 
17,60 
15.60 
11.98 
17.20 
15,40 
11.98 
18.80 
15,60 
12.86 
18.60 
16.60 
11.40 
17.40 
17,00 
12,28 
17,80 
16,80 
Oq k 0-^  =s Oat straw eqaiivalent to 0 and 2000 pounds 
per acre respectively, 
Pq & » Treble superphosphate equivalent to 0 and 
300 pounds per acre respectively, 
No» % ^ ^2 = Sodliuu nitrate equivalent to 0, 100 and 
500 pounds per acre respectively, 
Li, Ig & = Calcium carbonate equivalent to 0, 1 and 
3 times the lime requirement respectively. 
I 
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For thla reason, the pH of the samples was taken at the end 
of one months Incubation and again after nine months' .Incuba­
tion and the values which were obtained are given in table 8. 
While certain relationships between the soil treatments 
and the presence and activity of the Azotobacter become ap­
parent by an examlnabion of the data, i.e., it is quite ob­
vious that as the lime treatment increases the numbers of Azo­
tobacter and the milligrams of nitrogen fixed also increase, 
certain of the relationships may not be so obvious so that the 
data were submitted to a statistical analysis by the analysis 
of variance method (69), The results which were obtained are 
shown in tables 9 and 10. The no lime treated samples were 
not included in the analysis in table 10 since these soils at 
the end of 3 montlis and at all subsequent samplings did not 
contain the Azotobacter, A value of the factorial design is 
that any treatment can be dropped without disturbing the value 
of the experiment. 
The analyses of variance which were made of the data in 
tables 6 and 7 show that the lime treatments influenced high­
ly significantly the growth and activity of the Azotobacter, 
None of the other treatments significantly influenced their 
growth in the absence of a treatment with lime. It is of in­
terest, therefore, to look more closely at the Influence of 
the lime treatments upon the Azotobacter, Since none of the 
treatments other than lime had been effective in altering the 
growth of the Azotobacter to a significant extent, each of the 
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Table 8. The pH of variously treated pots of Clinton sillt 
loam sampled after one and again after nine 
months incubation under optimum moisture condi­
tions . 
Treatments Nr N-i % Nr 
h. 
Nl Nc 
Or 
% 
c 
i 
c 
•rl 
•d 
o 
•H 
<a p. 
a 
o 
•H 
•P 
OS 
,0 
S 
o 
C 
•H 
fn 
O 
Xi 
+3 
w 
5.86 
6.17 
6.61 
6.68 
7.15 
7.16 
7.98 
8.04 
5.92 
6.14 
6.59 
6.75 
7.19 
7.34 
7.96 
8.00 
6.06 
6.14 
6.53 
6,73 
7.10 
7.21 
7.73 
7.90 
6.24 
6.32 
6.86 
6.76 
7.27 
7.26 
7.83 
7.85 
5.96 
6.09 
6.59 
6.70 
6.97 
7.26 
7.73 
7.85 
5.91 
6.34 
6.61 
6.82 
7.09 
7.26 
7,73 
7.93 
5.85 
6.29 
7.00 
7.22 
7.77 
7.97 
6.53 
6.66 
7.24 
7.33 
7.80 
7.92 
5.88 
5.97 
6.94 
7.33 
7.70 
7.92 
6.72 
6.63 
7.24 
7.33 
7.82 
8.00 
5.96 
5.97 
6.56 6.58 6.64 
6,77 6.70 6.70 
6.94 
7.16 
7.91 
7.80 
6.18 6.13 6.08 
6.27 6.24 6.10 
6.59 
6,65 
7,17 
7,39 
7,85 
7.97 
Ol & Co 
Po & Pi 
No, % & Ng 
Lo, Li, Ig ^ le 
Cat straw equivalent to 2000 and 0 pounds 
per acre respectively. 
Treble superphosphate eqiivalent to 0 and 
300 pounds per acre respectively. 
Sodium nitrate eqiivalent to 0, 100 and 
500 pounds per acre respectively. 
Calcium carbonate ecja ivalent to 0, 1 
and 3 times the lime requirement re­
spectively. 
Table 9 Analysis of variance of the Azotobacter count 
from Clinton silt loam sampled after one month 
of incubation. 
Degrees : 
of : 
Source of variation freedom : Mean square 
Between treatments: 
P 
N 
0 
L 
Interactions s 
P 
P 
P 
H 
N 
0 
N 
0 
L 
0 
L 
L 
Remainder 
Total 
1 
2 
1 
3 
2 
1 
3 
2 
6 
3 
23 
47 
177,876.75 
93,295.56 
213,600.08 
5,520,430.39^--
24,360.06 
16.34 
131,781.36 
146,105.15 
221,227.45 
322,342.69^^ 
105,774.58 
a =s Significant. 
=5 Highly significant. 
P = Treble superphosphate treatments. 
N = Sodium nitrate treatments. 
0 <= Oat straw treatments. 
L = Lime (calcium carbonate) treatments. 
Table 10. Analysis of variance of the milligrams of nitrogen fixed by the 
Azotobacter colonies from Clinton silt loam sampled after 3, 6 
and 9 montfis incubation. 
Source of variation 
Degrees : 
of : 
freedom : 
Mean square 
Length of incubation before sampling 
3 months : 6 months : 9 months 
Between treatments: 
P 1 3.0976 0.4110 2.9470 
N 2 1.2396 6.7544 1.1320 
0 1 0.4807 0.1878 3.8025 
L 2 125.9838-^* 188.2544"^ 187.9520' 
Interactions: 
P X N 2 1.3292 1.5211 3.9686 
P X 0 1 1.3302 43.1211^' 0.5136 
P X L 2 1.0796 1.6878 1.0019 
N X 0 2 16.5378 0.4878 2.9808 
H X L 4 2.7354 6.3278 1.0228 
0 X L 2 1.9606 0.2744 13.0275" 
Remainder 16 7,2340 7.5311 1.7373 
Total 35 
= Significant. 
= Highly significant. 
P = Treble superphosphate treatments. 
N = Sodium nitrate treatments. 
0 = Oat straw treatments. 
L = Lime (calci-um carbonate) treatments. 
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samples v/hlch had received tl?e aaina llrne treatment constitut­
ed a replloation of the treatment. The llmo treatments, 
therefore, were replicated 12 times. All of the replicates 
were averaged for each lirt;e treatmei-it, and the variation In 
results with time have been plotted in figure 3, The pH 
values correspondlntj to their respective lime treatments were 
also averaged and these data too appear in flgtire 3, 
The results show that tlie original soil with a pH of a-
bout 6,17 v/as unable to support a grovjth of the bacteria. 
After one month's incubation, very few colonies could be de­
tected and after 3 months' inc\ibation they were entirel:^ lack­
ing, This flndJ.ng supports the work of otloer lnvestl^;atoi'S 
(25,29,57) by lending support to the fact that a pH of 6,0 
or below is limitinif, for the ^^rov/th of the Azotobacter in 
mineral field soils. 
The remaining llrae treatments brought about an envf.ron-
raent that was increasingly favorable for the growth of the 
Azotobacter as the lime treatment increased. The first lime 
addition equivalent to one half the lime requirement of the 
Clinton •"-lit loam brought about an increase in the pH of the 
samples to about 6,71 and even after 9 months' incubation, the 
bacteria were present In large numbers. A better environ­
ment for the growth of tlie bacteria, however, was obtained 
w!;en enough lime was added to brinpj the pK of the samples up 
to about 7,27, Throughout the experiment, there v/as nearly 
twice as much nitrogen fixed, as In the soils with pi.' values 
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Pig. 3. Average Azotobacter colony count and mllllgrama of 
nitrogen fixed per gi'am on nitrogon-frse agar plates 
for Clinton silt loaia treated with lime. Inoculated 
with Azotobacter and allowed to Incubate 1, 3, 6 
and 9 mouths before aompling. 
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of about 6.71, The addition of still a larger amoixnt of 11m© 
to the samples, i.e., equivalent to 3 times the line require­
ment, sufficient to bring the pH up to about 7.93, however, 
while Improving the conditions for the grov/th of the bacteria 
still more, brought about only a very small increase in the 
nitrogen fixed. Lime, equivalent to the lime requirement of 
the Clinton silt loam, therefore, and sufficient to raise the 
pH of the saitple up to about the neutral point or slif^tly a-
bove, may bring about an environment which favors the growtJi 
and activity of the Azotobacter over long periods of time. 
In this case, the effect continued for a period of at least 
9 months. 
The activity of the bacteria varied from one sampling 
period to the next as indicated by the nitrogen fixed at the 
different periods, A greater fixation occurred after 6 months 
Incubation than after 3 months' incubation but after 9 months' 
incubation there was a slight drop in nitrogen fixed. In each 
case, however, the same order of fixation for the different 
lime treated soils was maintained, the difference from treat­
ment to treatment remaining practically the same. 
An examination of tables 9 and 10 shows that the oat 
straw treatment in the presence of lime Influenced the growth 
and activity of the bacteria. At the end of one months incuba 
tlon the "oat-straw x lirae" interaction was significant. At 
the end of 9 months incubation, it was highly significant. 
Hie data both at the one month and at the 9 months sampling 
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ahov/ that tlie influence of the oat straw upon the Azotobacter 
was more pronounced as the lima treatment decreased. That la, 
the Azotobacter wore able to malco a better growth in the Clin­
ton ailt loam aaraplea with the lower pH values in the presence 
of decomposing oat straw than in its absence. The effect v/as 
not observed when the reaction v/as favorable for the growth 
of the bacteria. 
It is shown in table 10, also, that in one instance (at 
the end of six months incubation) the "phosphate x oat straw" 
interaction did significantly Influence the growth of the 
bacteria. In this case, ava3.1able phosphorus seemed to stimu­
late the growth of the bacteria in the presence of oat straw 
but not in its abs^ce. Perhaps the phosphorus stiTiiulnted the 
growth of other soil inicroorganisma in their decomposition of 
the oat straw thus either releasing decomposition products of 
the oat stravf which could be utilized by the Azotobacter as 
so^irces of energy or widening the C-N ratio of the soil by the 
aaslmulation of the available nitrogen present so that tha 
Azotobacter which fix nitrogen from the atmosphere could suc-
ceasfully compete for the nutrients available and make a bet­
ter growth. However, while this interaction was significant, 
it appeared only at one sampling period. It may not be wise, 
therefore, to put too much weight upon it. 
None of tha individual treatments other than limo were 
essential for the growth of the bacteria in Clinton silt loam. 
In fact, other than oat straw and perhaps available phosphorus, 
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none of the other treatments, regardless of their combination, 
seemed to exert any influence upon the bacteria. Prom these 
results it may be concluded, therefore, that an addition of 
lime was essential for the prolonged growth of the bacteria 
in this soil and that an amount sufficient to raise the pH up 
to about the neutral point brought about an environment v/hich 
would support a very vigorous flora of the organisms over a 
long period of time. In the absence of large amounts of lime, 
though a sufficient amount was present so that the pH of the 
sample was not limiting for the bacteria, there was some evi­
dence that oat straw also favorably influenced the growth of 
the Azotobacter, 
Grundy silt loam results. 
The Azotobacter colony count that was obtained from the 
Grundy silt loam samples after one months Incubation is shovm 
in table 11. The average milligrams of nitrogen fixed per 
gram on nitrogen-free agar plates after 3, 6 and 9 months in­
cubation of the Grundy silt loam samples are shown in table 
12. The pH of the samples after one and after nine months in­
cubation is given in table 13, The analyses of variance of the 
data are given in tables 14, 16 and 16. The unlimed samples 
were not included in the analysis in table 15 since these soils 
at the end of 3 and 6 months incubation did not contain the 
Azotobacter. In addition, in table 16, the samples treated 
with lime eqxiivalent to one half the lime requirement of the 
Grundy silt loam were not Included since these samples too at 
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Table 11, Average Azotobaoter colony comt per gram on 
nitrogen-free agar plates for varioxialy treated 
pots of Grimdy gilt loam inoculated with Azoto-
bacter and allowed to incubate one month before 
sampling. 
Po Pi 
Treatments No Ni : N2 NQ S n N2 
Lo 9 15 0 0 e 5 
^••'l 257 234 234 186 157 467 
OQ 
Is 846 1970 1170 1850 1740 1500 
Ls 1550 1550 1326 1720 1162 970 
Lq 5 10 14 4 7 11 
I-l 572 280 186 216 286 375 
0i 
1340 1330 1300 1460 1310 1460 
^3 962 1120 1720 1540 1600 1368 
a Oat straw equivalent to 0 and 2000 pounds 
per acre respectively. 
« Treble superphosphate equivalent to 0 and 
300 poimds per acre respectively, 
« Sodium nitrate equivalent to 0, 100 and 
500 poxmds per acre respectively, 
ss Calciiira carbonate equivalent to 0, 1 
and 3 times tlae lime requirement re­
spectively. 
Go & 
Po ^ Pi 
No- & Ng 
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Table 12. Average milligrams of nitrogen fixed per gram on 
nitrogen-free agar plates for variously treated 
pota of Oinjndy silt loam inoculated with Azoto-
baoter and allowed to incubate 3, 6 and 9 months 
before sampling. 
Po Pi 
Treatments No : Ni : N2 Ho : Ni : 2^ 
I«o 
. 
ra 
A +3 
i 
a 
•H 
'd 
o 
•H 
U 
3 
6 
9 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
3 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
: 
0« 
Ll 
3 
6 
9 
1.46 
.00 
.00 
2.92 
1.20 
,00 
4.68 
.80 
.00 
4.38 
.40 
.00 
1.76 
.00 
,00 
2.98 
.80 
.00 
3 
6 
9 
10.50 
17.80 
16.20 
1 
12.28 
19.60 
16.60 
12 .86 
19.20 
15.00 
13.44 
19.40 
16.20 
11.98 
20.00 
15.60 
10.50 
17.80 
16.20 
1-3 
Q> 
Pi 
EJ 
O 
•H 
3 
6 
9 
13.72 
20.80 
16.80 
12.86 
21.60 
17,00 
13.16 
21.80 
18.60 
11.70 
22.40 
18.20 
13.76 
22.80 
16.80 
11.70 
19.80 
16.80 
I-o O 
3 
6 
9 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
Ol 
la +J 
<u 
O 
3: 8.76 
6: 1.00 
9: .00 
9.04 
1.40 
.00 
2.08 
3.60 
.00 
2.34 
.20 
.00 
2.08 
1.40 
.00 
4.68 
1.00 
.00 
LQ 
+9 
W) 
a 
5 
3 
6 
9 
11.98 
17.00 
16.20 
11.70 
18.80 
16.20 
11.98 
17.80 
15.70 
13.16 
19.80 
17.20 
12.86 
18.20 
16.20 
10.05 
19.00 
16.60 
Lg 
3 
6 
9 
13.44 
20.60 
16.60 
13.36 
19.60 
16.00 
10.80 
21.20 
17.00 
13.44 
20«20 
17.40 
11.70 
20.40 
17.60 
11.40 
20.80 
17.80 
O o & O i =  O a t  s t r a w  e q u i v a l e n t  t o  0  a n d  2 0 0 0  p o u n d s  
per acre respectively. 
PQ & ® Treble superphosphate equivalent to 0 and 
300 pounds per acre respectively. 
^o» ® Sodium nitrate equivalent to 0, 100 and 
500 pounds per acre respectively. 
= Calcium carbonate equivalent to 0, 1 and 
3 times the lime requirement respectively. 
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Table 13, The pH of varloxialy treated pot a of Grundy silt 
. loam aampled after one and again after nine 
months incubation tinder optimum moisture condi­
tions . 
Po Pi 
Treatments No : : N2 • No : : Ns 
LQ 1 
9 
5.25 
5.14 
5.25 
5.04 
5.10 
5.09 
5.12 
5.12 
5.25 
4.97 
5.12 
4.95 
OQ 
Ll 
• 
m 
c 
2 
1 
9 
5.85 
5.92 
6.03 
5.86 
5.92 
5.87 
6.07 
6.10 
6.05 
5.90 
6.03 
6.00 
L2 
a 
rS Ti 
•d 0 
1 
9 
6.77 
6.68 
6.74 
6.70 
6.68 
6.73 
6.63 
6.70 
6.71 
6.68 
6.77 
6.78 
0 
P. 
fl 
1 
9 
7.14 
7.72 
7.34 
7.68 
7.19 
7.84 
7.55 
7.65 
7.17 
7.58 
7.52 
7.84 
lo 
0 
•H 
+3 
Ot X> 
3 0 
1 
9 
5.17 
5.22 
5.09 
5.05 
5.22 
5.04 
5.17 
5.15 
5.32 
5.09 
5.11 
5.17 
Ol 
Ll 
iH 
<H 0 
A 
1 
9 
6.03 
6.07 
5.93 
5.97 
6.03 
5.90 
6.05 
5.95 
5.97 
6.05 
6.10 
6.02 
•p 
to 
a 
3 
1 
9 
6.89 
6.72 
6.68 
6.70 
6.69 
6.90 
6.89 
6.78 
6.74 
6.84 
6.74 
6.73 
1 
9 
7.34 
7.65 
7.50 
7.80 
7.34 
7.62 
7.38 
7.77 
7.50 
7.74 
7.25 
7.67 
Oq & Oi « Oat straw equivalent to 0 and 2000 pounds 
per acre respectively. 
PQ & = Treble superphosphate equivalent to 0 and 
300 pounds per acre respectively, 
^o* i^l & Ng «= Sodium nitrate equivalent to 0, 100 and 
500 pounds per acre respectively. 
Lq, Ig & I13 =* Calcium carbonate equivalent to 0, 1 
and 3 times the lime requirement re­
spectively. 
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Table 14. Analysis of variance of the Azotobacter count 
from aimndy silt loam sampled after one month 
of inctibatlon. 
Source of variation s 
Dogreoa 
of 
•freedom Mean square 
Between treatments: 
P 
N 
0 
L 
Interactions: 
P 
P 
P 
W X 
K X 
0 X 
IJ 
0 
L 
0 
L 
L 
Remainder 
Total 
1 
2 
1 
3 
2 
1 
3 
2 
6 
3 
23 
47 
41,418.75 
6,930.44 
3,996.75 
6,555,566.97^^* 
46,914.44 
884.08 
39,290.31 
44,614.94 
25,449.16 
23,546.28 
62,534.16 
•» SB Significant. 
*-:j- a Highly significant, 
P « Treble superphosphate treatments. 
N = Sodium nitrate treatments, 
0 » Oat straw treatments. 
L « Lime (calcium carbonate) treatments. 
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Table 15, Analysis of variance of the milligrams of 
nitrogen fixed by the Azotobactei' colonies 
from Grundy silt loam sampled after 3 and 
after 6 months inciibation. 
Source of variation : freedom 
Degrees : 
of '.Incubation period 
Mean square 
3 months 6 months 
Between treatments: 
P 
N 
0 
L 
1 
2 
1 
2 
4.7089 
2.8196 
1.9881 
279.5506'^' 
0.0100 
0.6544 
0.4900 
1439 .6744-5^' 
Interactions; 
P X N 
P X 0 
P X L 
N X 0 
N X L 
0 X L 
2 
1 
2 
2 
4 
2 
0.8769 
2.0259 
2.9810 
3.4743 
0.1874 
4.2470 
2.2636 
0.0100 
1.4234 
1.5634 
0.6594 
3.1034* 
Remainder 
Total 
16 
35 
3.6388 0.6271 
•Ji" = Significant. 
•31-55- = Highly significant, 
P = Treble superphosphate treatments. 
N = Sodium nitrate treatments. 
0 = Oat straw treatments. 
L « Lime (calcium carbonate) treatments. 
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Table 16. Analysis of variance of the milligrams of 
nitrogen fixed by the Azotobacter colonies 
from Qinmdy silt loam sampled after 9 months 
incubation. 
Source of variation 
Degrees : 
of 
freedom s Mean square 
Between treatments: 
P 1 0.8816 
N 2 0.2516 
0 1 0,0150 
r. 1 6.6150-'^-» 
Interactions: 
P X W 2 0.2717 
P X 0 1 1.2150 
P X L 1 0.0150 
N X 0 2 0.0150 
N X L 2 0.5450 
0 X L 1 0.7350 
Remainder 9 0.4537 
Total 23 
•5Ht = Highly significant. 
P =s Treble superphosphate treatments. 
N = Sodium nitrate treatments. 
0 = Oat straw treatments. 
L = Lime (calcitAm carbonate) treatments. 
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this sampling poriod did not contain the bacteria. 
As in the case of the Clinton silt loam samples, the an­
alyses of variance of tables 14, 15 and 16 show that the lime 
treatments influenced highly significantly the growth and ac­
tivity of the Azotobacter. Ho other treatment or combination 
of treatments, vdth one exception which will be discussed lat­
er, significantly affected their growth and activity. The re­
sults for each of the 12 samples which had received the aaaie 
lime treatment, regardless of other materials added, therefore, 
for each sampling period, were averaged and have been plotted 
in flgui'e 4. The pH values corresponding to their respective 
lime treatments were also averaged and these data also appear 
in figure 4, 
The results show that the original soil with a pH of a-
bout 5,09 was lanable to support a growth of the bacteria. 
After one months Incubation, an average of but 7 colonies per 
plate could be detected and after 3 months Incubation they 
were entirely lacking. The samples which had been treated 
with lime equivalent to one half the lime requirement were al­
so unable to support a growth of the bacteria. The average 
pH of these samples was about 5,97 which is less than the lim­
iting value for the growth of the bacteria in mineral field 
soils, i.e., pH 6,0, as postulated by other Investigators (25, 
29), It should be noted, however, that the Azotobacter remain­
ed in these souls for quite a long period of time, still being 
detected after 6 months Incubation. This is In contrast to 
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Pig, 4. Average Aaotobacter colony count and niilll.;irama of 
nitrogen fixed per gram on nitrogen-free agar plates 
for (Iriindy gilt loam treated with limo, inoculated 
with Azotobaoter and allowed to incttbate 1, 3, 6 
and 9 months before sampling. 
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the result obtained with Clinton silt loam which had a higher 
initial pH of 6,17 but in which the organisms died off com­
pletely in three months time, very few of them being detected 
even after one montHs incubation. 
The remaining lime treatments brought about an environ­
ment that was increasingly favorable for the growth of the Azo-
tobacter as the lime treatment increased. However, an addition 
of lime equivalent to 3 times the lime requirement and suffic­
ient to raise the pH up to about 7.71 had very little effect 
in improving the environment for the growth of the Azotobacter 
over the soils v/hich had received lime equivalent to the lime 
requirement and sufficient to raise the pH of the samples to 
about 6.74. The Azotobacter colony count for these two soils 
at the one months sampling was practically the same; the great-
eat difference betv/een the samples was obtained at the 6 mon­
ths sampling. At this time, the samples with an average pH of 
about 7,71 supported an Azotobacter flora which fixed only 2.1 
milligrams of nitrogen more per gram than the samples with an 
average pH of about 6.74, These results show, therefore, that 
an addition of lime to these soils in an amotuit sufficient to 
raise the pH up to 6,74 or beyond, improves the environment so 
that the Azotobacter may grow and remain active over long per­
iods of time. 
Here again the contrast between the Omndy and the Clin­
ton silt loam soils is very marked. It may be observed by a 
comparison of figures 5 and 4, that at a much lower pH, the 
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Grundy slit loaia was able to support an Azotobacter flora 
which fixed lODre nitrogen than the flora of the Clinton silt 
loam sample a. At the same pfl, therefore, the Grundy silt loam 
was able to furnish an environment which was more favorable to 
the growth of the Azotobacter than was the Clinton silt loam. 
One of the reasons for this probably rests v/ith the higher or­
ganic matter content of the Grimdy silt loam. A comparison of 
the analyses of variance that were made of the data from the 
Clinton silt loam with those fx'om the Gipvindy silt loam shov/s 
that the Influence of organic matter additions in the form of 
oat gtrav/ to the Clinton silt loam, v/hen the effect was not 
covered up by an optimum soil condition with regard to pll, was 
to stimulate the growth of the bacteria. The results for the 
one month sampling period (table 9) shovied the "oat-straw x 
IIitb" interaction to be significant; at the end of 9 months 
incubation (table 10) It was highly significant. An "oat-
strav/ X phosphorus" interaction (table 10) was also signifi­
cant indicating further that an increase In the organic matter 
content of the Clinton silt loam favorably influenced the 
groTwth of the Azotobacter. Tlie "oat-straw x lime" interaction 
v/as also significant at one sampling period for the Grundy silt 
loam (table 15) showing that an Increase in the organic matter 
content of this soil may also, under certain conditions, favoi'-
ably influence the growth of the bacteria. The effect in this 
case, however, was not as large as that of the CllTiton silt 
loam since the interaction was significant at only one sampling 
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period and. In addition, a hl^^ly significant result was 
never obtained. An Increase In the soils content of organic 
matter In the form of oat straw, therefore. Influences the 
growth and activity of the bacteria more in the Clinton than 
in the Grundy silt loam. 
That differences in the activity of the Azotobacter are 
related to the organic matter content of the soil was indi­
cated in a previous investigation of the factors which in­
fluenced the presence of the Azotobacter in Iowa soils (53). 
It was shown that when other factors were favorable, the a-
moimt of growth which the Azotobacter would make was most 
closely associated with the organic matter content of the soil. 
It would be expected, therefore, that the Azotobacter at the 
same pH could make a better growth in the Orundy silt loam 
than in the Clinton silt loam with its much lower organic mat­
ter content, 
Phosphoxrus or nitrogen differences • between the two types 
were probably not of any great significance since these treat­
ments, with the possible exception of phospho^^^3 in the pres­
ence of an oat straw treatment for the Clinton silt loam, did 
not influence the growth and activity of the bacteria in either 
soil, at least not to a significant extent as determined by the 
methods used in this invostigation. 
It may be concluded from these results, therefore, that 
an addition of lime was essential for the prolonged growth of 
the bacteria in Grundy silt loam and that an amount svifflcient 
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' 
to raise the pH up to about the neutral point would bring a-
boiit an environment v^hich would support a very vigorous flora 
of the organisms over a long period of time. Lime in suffic­
ient amount to raise the pH xip to about 6.0 or below was not 
sufficient for a prolonged growth of the bacteria even ii\ the 
presence of an application of 500 pounds per acre of available 
nitrogen. Further, at the same pH, the Grundy silt loam pre­
sented a better medium for the growth and activity of the Azo-
tobacter than did the Clinton silt loam. 
Clarion silt loam results. 
The experiment with Clerion silt loam v/as set up several 
I 
months after that for the Oru.ndy and Clinton silt loams. The 
I 
results for these soils had indicated tha-t the sodium nitrate i 
treatments were having little effect upon the growth of the 
bacteria. In the present experiment, therefore, the 100 
pound per acre aprjlication of sodium nitrate v;as eliminated 
since it seemed reasonable that if an effect were to be ob­
served, it would come with the larger application. In addi­
tion, the original pH of the Clarion ailt loam v/as rather high 
compared to that of tho other two types used being about 6,47 
and since little had been gaf.ned in the previous experiment by 
the addition of an excess of lime (equivalent to 3 times tho 
lime requirement), an arbitrary treatment equivalent to 2000 
pounds per acre v/as \ised. 
The different amounts of each of the four fertilizers 
finally used for the Clarion silt loam were as follows: 
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Fertilizer Amounts per acre-::-
(o) iii 
(P) - Treble auperphoaphate 0 300 pounds 
(N) - Sodium nlcrace 0 500 " 
(0) - Oat straw * 0 2000 " 
(L) - Lime (calcium, carbonate) 0 2000 " 
* Based on 2,000,000 pounds of dry soil. 
Combining the different amounts (represented by the sub­
scripts o and 1) of the different fertilizers (represented by 
L for lime, 0 for oatstraw, etc.) In every possible combina­
tion results In 16 different groupings representing the treat­
ments to be used as follows; 
Pot number and treatment 
(1) Po''oOoI'o <S' I'oVoI'o <91 I'lVoI'o '1®' 
(2) PoXoOoia (8) (10) i'i''oOoia (14) PAOoia 
(3) PoHoOiL. (7) PoHiOiL- (11) PiH-OiL. (IB) PiNiOiL;, 
(4) PoHoOlI'l (81 PoUlOlf'l (12) PlHoOl% (18) PlHlOiLi 
The method of procedure was exactly like that for the 
Grundy and Clinton silt loams except that the milligrams of 
nitrogen fixed per gram of the sample on nitrogen-free agar 
plates was used at the end of one months Incubation rather 
than a colony count. In addition, the experiment was con­
ducted in duplicate ao as to Increase the accuracy of the re­
sults, The samples were inoculated on October 20, 1936. 
The average milligrams of nitrogen fixed per gram on ni-
trogen-free agar plates after 1, 3, 6 and 8 months incubation 
of the samples are shown in table 17. The pH of the samples 
after one and after eight months Incubation is given In table 
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Table 17» Average rallllgrams of nitrogen fixed per gram on nitrogen-fi 
Clarion silt loam inoculated \7ith Aaotobacter and allowed tc 
lingoes-
Po 
• 
• 1^ 
Length of the incubat 
Treatments Block 1 Mo.! 3 Mo, • 6 I'lo. s 8 Mo. : 1 Mo •: 3 Mo, : 6 I.To.: 8 Mc 
• 
0 
.o 
A 
B 
Ave. 
5.8 
4.4 
5.1 
2.0 
1.2 
1.6 
2.6 
0.8 
177 
0.0 
0.0 
oTS 
• 
• 
: 3.6 
: 5.6 
: ¥76 
1.4 
3.0 
^.2 
1.6 
2.6 
O.C 
o.c 
Oo 
• 
1^ 
A 
B 
Ave; 
14.6 
13.2 
l3«9 
7.2 
8.0 
7.6 
12.4 
11.8 
12.1 
17.0 
18.4 
17.7 
' 15.6 
: 13.8 
; i4.7 
* 
7.4 
7.0 
7.2 
10.2 
11.6 
10.9 
17.6 
20.2 
l9.C 
Lo 
A 
B 
Ave. 
8.0 
4.0 
1.8 
2.2 
1.4 
371 
0.0 
0.0 
0.0 
1 3.6 
: 3.0 
! 3.3 
• 
3.2 
0.8 
2.0 
2.4 
0.2 
ns 
O.C 
O.C 
TO 
Ol 
Ll 
3 
A 
B 
Ave. 
15.6 
14,4 
15.6 
rn'. 1,1 1 ininiii iiiujini 
9.2 
7.4 
7.8 
11.6 
11.8 
11.7 
17.4 
17.9 
lV.2 
• 
\ 15.6 
* 13.6 
: 14.6 
• 
• 
7.4 
7.6 
7.5 
12.2 
12.4 
12.1 
18. C 
20. C 
19. C 
^ — Inoculated October 20, 1936. 
Oq and 
Pq and 
Wq and 
Lq and 
Ol ~ Oat straw equivalent to 0 and 2000 pounds per acre res 
Pi = Treble superphosphate, equivalent to 0 and 300 pounds p 
~ Sodium nitrate equivalent to 0 and 500 pounds per acre 
Li = Lime (calcium carbonate) equivalent to 0 and 2000 poun 

rmn on nitrogen-free agar plates for variously treated pots of 
tor and allov/ed to Incubato 1, 3, 6 and 8 months before aamp-
: Pi 
Wl s ^L Nl 
gth of the Incubation -period before sampling 
3 Mo.: 6 ;.lo.: 8 Ho. 1 Mo . t 3 Mo. ; 6 Ho.: 8 Mo.: 1 li'o •: 3 Mo.: 6 Mo.: 8 Mo, 
1.4 
3.0 
S.2 
1.6 
8.6 
S.l 
0.0 
0.0 
2,8 
3,0 
2.9 
1.4 
2,2 
1.8 
0,6 
1.8 
1:2 
0,0 : 
0,0 : 
TO : 
• 
8.0 
6,4 
7:2 
2,6 
1,8 
2.2 
6,4 
0.0 
37^ 
0.0 
0.0 
TJtTT 
7.4 
7,0 
^.2 
10.2 
11.6 
10.9 
17,8 
20,2 
l9,0 
15,2 
14,8 
15,6 
7,4 
7,4 
' V,4 
9,6 
10,8 
l0,2 
• 
17.0 J 
15.2 : 
16.1 : 
* 
m 
12.6 
14.4 
13.5 
7.4 
8.0 
7,7 
10,8 
11,4 
11.1 
18. 
17,4 
1^.8 
3.S 
0,8 
sTo 
2.4 
0.2 
173 
0.0 
0,0 
TO 
1,6 
5,6 
1 ^ 
2,4 
3,6 
2.0 
2.8 
0,0 S 
0.0 I 
0.0 : 
• 
• 
9.6 
6.2 
T:9 
0,8 
2,2 
1,5 
3,6 
3,2 
3,4 
0,0 
0.0 
0.0 
7.4 
7.6 
7.5 
12.2 
12.4 
12.1 
18,0 
20,0 
19.0 
15,4 
14,4 
14,9 
7,2 
7.8 
7.5 
9,4 
10.0 
9,i 
• 
17.8 : 
18.2 : 
18,0 : 
• 
• 
15.6 
15.2 
15.4 
7,8 
7.0 
7.1 
10,8 
10,4 
10.6 
19.0 
17.6 
18.3 
lounds per acre respectively* 
0 and 300 pounds per acre respectively, 
)00 pounds per acre respectively. 
to 0 and 2000 pounds per acre respectively# 
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Table 18. The pH of varloioaly treated pots of Olarion silt loam after ^ 
after eight months incubation. 
\ £o t 
i 1 No i J i!o 
Longth of the incubation porlod before 
Treatments Blocks 1 Mo. : 8 Mo. 1 Mo. ; 8 Mo. 1 Lio. J 8 Mo. 
Oo 
Lo A : B 
Ave. 
6.30 6.38 
6.40 6.36 
6.35 6.37 
6.40 6.50 
6.30 6.31 
6.35 6.40 
6.35 6.31 
6.40 6.37 
6.38 6.34 
1*1 A B 
Ave. 
7.04 6.85 
7.00 6.95 
7.02 6.90 
7.04 6.97 
6.94 6.89 
6.99 6.93 
6.95 7.00 
6,80 6.97 
6.87 6.98 
01 
: Lo A B 
Ave. 
6.55 6.36 
6.40 6.31 
6.48 6.33 
6.47 6.38 
6.43 6.38 
6.45 6.38 
6.43 6.48 
6.40 6.39 
6.42 6.44 
^1 
A 
B 
Ave. 
7,00 7.00 
7.00 7.00 
7.00 7.04 
7.00 7.07 
7.0'6 
7.04 6.94 
6.a5 7.00 
6.94 6.97 
Go and Ox — Oat straw equivalent to 0 and 2000 pounds per acre re 
Pq and Pi =s Treble superphosphate equivalent to 0 and 300 pounds 
Sodium nitrate equivalent to 0 and 500 pounds per acr 
Lime (calcitxm carbonate) equivalent to 0 and 2000 pou 
No ahd Ml = 
Lq and Lx = 

y treated pots of Olarion silt loam after one eind again 
Incub atio n« 
£0 
; Ml : Ng : % 
Longtli of •fee incubation period before sampllnp: 
8 Mo, H
 
0
 
•
 8 Mo. 1 Mo. ! 8 Mo. 1 Mo, : 8 Mo, 
6.38 
6.36 
6.3V 
6,40 
6.30 
6.35 
6.50 
6.31 
6,46 
6.35 
6.40 
6,38 
6.31 
6.37 
6,34 
6.40 
6.30 
6,35 
6.51 
6,38 
6.44 
6.85 
6.95 
6.90 
7.04 
6.94 
6.99 
6.97 
6.89 
6.93 
6.95 
6.80 
6.8^ 
7.00 
6.97 
6.98 
6,87 
6,80 
6.84 
7,11 
7.06 
V.08 
6.36 
6.31 
6.33 
6.47 
6.43 
6.4fi 
6,38 
6.38 
6.38 
6.45 
6.40 
6.42 
6.48 
6.39 
6.44 
6.30 
6.30 
6.30 
6,26 
6.38 
6.3S 
7.00 
7.00 
7.00 
7,00 
7.00 
7.OO 
7.04 
7.07 
TO6 
7.04 
6.85 
6.94 
6.94 
7.00 
6.^7 
6.97 
6.92 
6,94 
6,94 
6.84 
equivalent to 0 and SOOO pounds per acre respectively. 
perpliosplaate equivalent to 0 and 300 pounds per acre respectively. 
rate equivalent to 0 and 500 pounds per acre respectively, 
Ifim carbonate) equivalent to 0 and 2000 pounds per acre respectively. 

Table 19, Analysis of variance of the milligrams of nitrogen fixed by the 
Azotobacter colonies from Clarion silt loam sanpled after 1, 3 
and 6 months'incubation. 
Source of variation 
Degrees ; Mean square 
of : Length of incubation before sampling 
freedom : 3 months : 6 months : 9 months 
Between blocks 1 3.92 0.1513 0.080 
Between treatments: 
P 1 1.28 0.0113 1.445 
N 1 2,88 0,2113 0.980 
L 1 729.62'"-* 236.5313^^ 616.005 
0 1 1.80 0.0613 0.500 
Interactions: 
P X N 1 13.62'^ 0.1512 5.780 
P X L 1 0.50 0.1512 6.845 
P X 0 1 0.85 0,0612 0.180 
N X L 1 4.50 0.0112 0,020 
N X 0 1 0.25 1.2012 0,245 
0 X L 1 0,41 0.0612 0.500 
Higher order 5 5,36 0.3813 1.155 
Error 15 1.99 0.5246 2.296 
Total 31 
= Significant. 
= Hi^ly significant. 
P = Treble superphosphate treatments. 
N = Sodium nitrate treatments. 
0 = Oat straw treatments. 
L = lime (calcium carbonate) treatments. 
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Table 20. Analysis of variance of the milligrams of 
nitrogen fixed by the Azotobacter colonies 
from Clarion silt loam sampled after 8 months' 
incubation. 
Source of variation 
: Degrees : 
; of : 
: freedom : Mean square 
Between blocks 1 0.2025 
Between treatments: 
P 1 1.8225 
N 1 6.5025 
0 1 0.9025 
Interactions: 
P X N 1 0.3025 
P X 0 1 2.1025 
N X 0 1 0.2025 
P X N X 0 1 0.9025 
Error 7 1.2482 
Total 15 
P a Treble superphosphate treatments. 
N = Sodium nitrate treatments, 
0 = Oat straw treatmoants. 
L = Lime (calcium carbonate) treatments. 
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18. The analyses of variance of the data aro given In tables 
19 and 20. 'Iho no lime treated samples were not included in 
the analysis in table 80 since these soils at the end of 8 
months* incubation did not contain the organisms. 
As In the case of the Grundy and Clinton silt loams, the 
analysis of variance of table 19 shows that the lime treat­
ment highly significantly Improved the growth and activity of 
the bacteria In this soil. Along with table 20, It shows 
further that no other treatment or combination of treatments, 
vjith one exception which will be discussed later, significant­
ly affected their growth and activity. The two blocks did not 
differ significantly from each other showing that they may bo 
considered as a imit. Tlie results for each of the 16 samples 
which had received the same lime treatment, therefore, regard­
less of othor materials added, were averaged for each sampling 
period and have been plotted in figure 5. The pH values cor­
responding to their respective lime treatments were also aver­
aged and these data too appear in figure 5, 
As in the case of the previous soils, the activity of tiie 
bacteria from one san^jling period to the next as indicated by 
the nitrogen fixed, did not remain constant but showed wide 
variation. However, the insults show that even though the pll 
of the original soil was hi'gh enoaigh that the Azotobacter 
growth would not be expected to be limited from this cause, 
(an average pH of 6,38 which was lower than the G.48 figure 
obtained viftien the soil was collected) they were, nevertheless. 
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X. No Lime., pH "Co."bQ 
H. L i rr~) <2., T^OOO Pourndis 
pc-n Acr<2-,pH =<2>.'37 
_L 
Z 3 4 5 C, 
T\ME, in MOMTH5 
Pig, 5, Average milligrams of nitrogen fixed per gram on 
nitrogen-fj^e agar plates for Clarion silt loam 
treated v/3 th lime, inoculated with Azotobacter 
and allowed to inoubat© 1, 3,6 and 8 months be­
fore sampling. 
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completely absent from the soil after 8 months Incubation, 
It seeni3, therefore, that a pH of about 6.38 for this soil is 
limiting for the growth of the bacteria. 
When lime vfas present in sufficient amount to raise the 
pH up to about the neutral point, the environment was improved 
so that the Azotobacter could malce a very vigorous growth. 
Lime was essential foi* the growth of the bacteria in this soil 
Without it, regardless of other treatments, the bacteria v/ere 
unable to survive. In the presence of lime, however, for the 
one month sampling period, it appeared that a "phosphorus x 
nitrogen" interaction was significant. An examination of the 
data showed that no improvement in the growth of the bacteria 
had resulted from either a treatment of nttvoQen or of phos­
phorus alone but that when the two were combined, an improve­
ment in the growth of the bacteria had resulted. Except for 
the sampling at the end of one months incubation, however, 
this interaction was not significant. Nevertheless, it may 
indicate that phosphorus and nitrogen favor the growth of the 
bacteria to some extent in this soil. 
It may be concluded. fTOm these results, therefore, that 
an addition of lime to Clarion silt loam in an amount suffic­
ient to raise the pH up to about the neutral point (pH 6,97) 
or beyond, improves the environment so that the Azotobacter 
may grow and remain active over long periods of time. 
It is interesting to note that this is essentially the 
same conclusion that has been given for both the Grundy and 
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the Clinton silt loams. For all three types, a treatment with 
sufficient lime to raise the pll to near neutrality is all that 
has been necessary to improve the environment so that a vigor­
ous growth of the bacteria was obtained after an incubation 
period of either 8 or 9 months. In every case, also lime was 
essential for the growth of the bacteria, since, regardless 
of other treatments, the bacteria could not be detected in the 
soils which had not been treated with lime. There was some 
evidence when lime was present, however, that other treatments 
may aid the growth of the bacteria. This was particularly 
true for the oat straw treatment in the case of the Clinton 
silt loam. A comparison of the i»esults which were obtained 
from the different soil types Indicated that at the same pH 
the soil conditions had varying effects on the growth of the 
bacteria. For this reason, the actual limiting pH value may 
differ for different soils. For the Clinton silt loam, the 
bacteria were unable to grow when the pH was about 6,17; a 
pH of 6,33 was limiting for the growth of the bacteria in 
Clarion silt loam; in Grundy silt loam at pH 5,97 the bact­
eria decreased only very slowly. The limiting pll value for 
Assotobacter in Iov;a soils, therefore, undoubtedly varies with 
the general soil conditions. 
Inoculation Experiments with Azotobacter 
The results of the previous section showed quite defin­
itely that for some typical lovm soils, the addition of enough 
lime to raise the pH of the samples to about the neutral point 
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or beyond brought about an environment that would isupport a 
vigorous growth of the bacteria over long periods of time. 
In view of the positive results which Sheloumova and oo-v^ork-
ers (64,65,66,67) obtained from the inoculation of Russian 
soils with Azotobacter when conditions were made favorable 
for their continued growth in the soils, it seemed desirable 
to teat inoculation under such conditions in Iowa soils. 
Since the lime treatments made permitted the continued growth 
of the bacteria in Iowa soils only under fallow conditions, 
hoY/ever, the inoculation experiment was planned to determine 
whether or not the Azotobacter wotild survive txnder the proper 
lime treatment in a soil on which plants were growing and com­
peting for the mineral nutrients available, and also to deter­
mine whether or not an active flora of the Azotobacter would 
fix sufficient nitrogen in the soil to stimulate plant growth. 
For this investigation, two soils which responded favor­
ably to nitrogen fertilization were chosen; the Clinton silt 
loam v/hich had been used in the previous experiment, and a 
Clarion fine sand which was deficient in available nitrogen 
and, indeed, in most of the essential elements, requiring a 
complete fertilizer for the pr-oduction of good crops. This 
Clarion fine sand was given a blanket application of 16 per­
cent superphosphate equivalent to 500 potmds per acre, oat 
straw equivalent to 4000 pounds per acre and potassivim chloride 
equivalent to 500 pounds per acre -- but no nitrogen. The 
chemical analyses of the two soils are given in table 2. 
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Corn, v/heat and timothy were the crops chosen for the 
experiment since they are typical Iowa crops. The pH of the 
samples was varied hy lime additions as in the previous ex­
periment, One-half of the pota for each treatment, each soil 
type and each crop were inoculated, with a suspension of the 
organisms as described previously. 
Combining the different constituents of the experiment 
in every possible combination in the manner of the previous 
section, therefore, results in 36 different groupings repre­
senting an outline for this experiment as follows: 
Pot ni^mber and description. 
(1) 
^^o^o^o (10) LoIlSlCo (19) LqIOSICI (28) ^o^lSoC2 
(2) LlIoSoCo (11) LlIlSiCo (20) ^l^o^lCi (29) 1^1^13002 
(3) 
^^o^o^o (12) ^^ l^ l^ o^ (21) ^^ o^ l^ l (30) ^^lSo^2 
(4) 
^^l^o^o (13) LQIQ^O^I (22) LqIiSICI (31) o^^ o^ l^ 2 
(5) LIIISQCo (14) (23) Vl^l^i (32) %^ oSl^ 2 
(6) (15) I^IoSoCl (24) ^^l^l^l (33) ^^o^lCs 
(7) (16) 
^o^l^o^l (25) LOIO^O^2 (34) LoIiS^Cg 
(8) (17) (26) 
^^o^o^2 (35) 
(9) (18) 
^^l^o^l (27) ^^ o^ o^ 2 (36) LgllS^Cg 
in which 1^, and Lg = a treatment with calcium carbonate 
equivalent to 0, 1 and 3 times the 
lime requirement of the soil used, 
respectively; 
Iq and « unlnoculated and Inoculated with Azo-
tobacter respectively; 
Sq and Si = Clarion fine sand and Clinton silt 
loam respectively; and 
Cq, C]^ and Cg s com, wheat and timothy respectively. 
Three-gallon glazed pots containing either 35 pounds of 
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Clarion fine sand or 25 potinda of Clinton silt loam were used 
for the corn crop. The timothy and the -wheat were grovm In 
one-gallon pots which contained either 15 potinda of Clarion 
fine sand or 10 pounds of Clinton silt loam. These v/eiglits 
were on an air-dry basis. The experiment was set up in trip­
licate and the proper lime treatments were made at random. 
Some difficulty was experienced in obtaining a vinifom mixing 
of the lime with the soil since such a large amount of soil 
was used. The large variation in the pli of the soil in the 
different pots with the same lime treatment (See tables 22 and 
28a) indicates that the mixing process was not as successful 
as In the previous experiment, when a mixing machine was used. 
The pots were placed in a greenhouse where each replica­
tion of the experiment was segregated into a separate block. 
The timothy, wheat and corn pots were all separate within the 
blocks and the positions of each group were selected at random. 
The position of each of the timothy pots, for exan^jle, was then 
located at random regardless of soil type and in a like manner, 
the com eind wheat pots were randomized. During the course of 
the experiment, the pots were completely rerandoralzed foUr 
different times. 
Each portion of soil was brought up to optimum moisture 
content and maintained at this level as closely as possible by 
• frequent additions of distilled water. On November 29, 1936 
the proper soils were inoculated with Azotobacter, The soils 
were kept fallow xmtll January 5, 1937 when the com and wheat 
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was planted or until January 11, 1937 when the timothy was 
planted, in order to allow them to become somewhat adjusted 
to their new environment. 
Six seeds of corn of Iowa hybrid 939 were planted in the 
soil in each of the 3 gallon pots. Two seeds were placed in 
each of three positions. VJhen the plants had reached a 
height of about two inches, the poorest one in each location 
was removed leaving a total of but three plants per pot. 
Pour wheat seeds of the Turkey Red variety were planted in 
each of five locations in the pots. ^ These were thinned to two 
ji jt 
in each of the five locations when tlie plants had reached a 
hei^t of about two inches, leaving two plants in the center 
of the pot and two plants in each of four other locations. 
Sufficient timothy seeds to v/ei^ 0,15 grams were planted as 
evenly as possible in the soils which were to contain them. 
This weight contained approximately 400-450 timothy seeds. 
During the winter months, artificial li^ts were employed 
about eight hours per day. The plants were grown to maturity, 
harvested, dried in an oven to 5 percent moisture (at 90® C, 
for 48 hours), weighed, grotind to pass a 20 mesh screen and 
analysed for total nitrogen. 
The pots were immediately reseeded with com; the timothy 
and wheat grew without reseeding, Tlae second crop was not ob­
tained in time to include the data in this thesis, Hov/ever, 
since crops were kept growing on the soil, the detemination 
of the Azotobacter flora at the end of the experiment could ba 
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made on a cropped rather than on a fallow soil. 
The soils M»ore aarapled for the presence of the Azotobact-
er at different times during the course of the experiment and 
at each sampling, pH determinations were also made. 
The Influence of corn, wheat and timothy upon the longevity of 
Azotobacter in Clinton silt loam and Clarion fine sand. 
The soils were first sampled for the presence of Azoto-
bacter 52 days after they had been inoculated. This was short­
ly after the plants had emerged from the soil. They were 
sampled again when the plants were harvested some 123 days 
after inoculation. The final sampling was made 186 days after 
they had been inoculated and shortly after the second crop of 
timothy had been harvested. At this time, the second crops of 
wheat and corn were not ready to harvest. 
In these cases, the presence and activity of the Azotobact-
er was determined by measuring the milligrams of nitrogen fix­
ed by the organisms on nitrogen-free agar plates. The pH of 
each sample was also talcen. 
The average milligrama of nitrogen fixed per gram on ni-
trogen-free agar plates for the different periods of sampling 
are shown in table 21. The pH of the samples at the time of 
the first sampling and again at the third sampling is given in 
table 22 and 22a. 
Clinton silt loam results. An examination of table 21 
shows that the bacteria were able to make an increasingly good 
growth in Clinton silt loam with time in the soils which had 
been treated with lime equivalent to either 1 or 3 times the 
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Table 21m Average mllllgrama of nitrogen fixed per gram on nltrogen-J 
Clarion fine sand inoculated with Azotobacter and upon wlii< 
been grown. 
Com 
Lirno s amplinp; period S{ 
treat­ At : At first :At second At 1 
Soil type ment Block plantinpc^s-j harvest--HS-: harvest-^HH:-: plant in Rif; 
A 5.8 7.6 12,0 4,4 
Lo • B 6.4 0,3 7.2 4.0 
C 6.4 1.2 4.2 3,8 
1 
Ave. 6.2 3,0 4.1 
Clinton A : 7.2 11,4 21« 8 5.8 
silt Ll B 6.2 11.6 20.8 6.8 
loam C 7.2 11.2 20.4 : 6.4 
Ave. 6.9 11,4 21.0 6.3 
A 6.0 12.6 20.8 6.6 
L2 B 7.6 10,6 21.6 7.0 
C 7.2 11.8 22.4 8.0 
Ave. 6.^  
• 
II.7 21,6 7.2 
A 3.6 0.0 0,0 0,0 
Lo B 3.2 0.0 0,0 0,0 
C 2.4 0,0 0.0 0.0 
Ave. 3.1 T^o 
• 
Clarion A 7.8 8,6 21.8 5,8 
fin© Ll B 6.2 8,6 19.0 5.2 
sand C 5.6 10,6 18.8 4.4 
Ave. 6.5 
T 
9.3 19,9 5.1 
• A 7.2 9,6 18.0 4.8 
L2 B 5.4 10,2 18,6 5.0 
C 6,8 10,6 18,2 4.8 
Ave. 6.5 10.1 18,2 4.9 
Lq# Li and L2 = Calcium carbonate equivalent to 0, 1 and 3 
tines the lin;e requirement respectively. 

am on nitrogen-free agar plates for pots of Clinton silt loam and 
er and upon which two crops each of com, v/heat and timothy had 
Wheat Timothy 
Sampling; period Sampllnp; period 
nd : 
t-ss-JHj 1 
At : At first : At second 
plant inK-is-: h-arvest-K-sJ-: harvest-"-*"-"-
At ; At first : At second 
plantinK^ s-: harveat'<Hi-: harvest-5!-:f-«' 
! 
) 
> 
> .  
« j 
4;.4 3.0 4.2 
4.0 3.6 0.8 
3.8 8.8 6.9 
4.1 5.2 ^
6.0 0.7 0.4 
5.2 1.8 4.0 
5.6 0.2 3.0 
5.6 0.9 2* 5 
i : 
) 
5.8 13.6 22.4 
G*6 XS*0 20 
6*4 XI*4 SX«2 
6.3 12.3 21.3 
6.4 13.2 21.4 
6.8 11.2 20.2 
8.0 12.8 21.8 
7.1 12.4 21,1 
3 
> 3 
I 
V 3 
6.6 12.0 21.8 
7.0 12.6 20.8 
8.0 13.0 22.2 
7.2 12.5 21,6 
8.8 12.4 20.2 
7.2 11.8 19.8 
7.8 10.6 21.8 
7.9 11.6 20.6 
) 
5 
) 
5 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
UTS •SuTJ TO 
J 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
T^o 0.0 
• 
3 
3 . 
3 
3 
5.8 9.4 17.0 
5.2 9.6 19.4 
4.4 9.4 17.0 
5.1 9.5 17,8 
4.4 8.6 17.2 
6.0 8.4 17,8 
5.6 8.0 18.6 
5.3 8.3 17.9 
3 
3 
2 
3 
4.8 8.8 17.2 
5.0 8.0 18.0 
4.8 7.6 16.S 
4.9 8.1 17.1 
9.0 10.4 20.8 
7.6 . 10.4 18.6 
5.6 10.2 18.0 
7.4 10.3 19.1 
D, 1 and 3 
otlvely. 
ss Sampled 52 days after Inoculation. 
=s Sampled 123 days after Inoculation. 
ss Sampled 186 days after Inoculation. 

Table 22, The pH of Clinton silt loam at the planting of the first and 
after the harvesting of the second crop of corn, wheat and 
timothy respectively. 
• 
• Corn : V/heat ! Timothy 
• SamDllng period 
: « • At • • At « « At -JWf 
lime At : second At * : second At : second 
treatment Block planting: harvest planting! liarvest planting; harvest 
A 6.19 6,26 6.14 6.35 6,26 6.43 
0^ B 6,09 6,41 6.18 6,39 6,11 6,46 C 6,28 6.33 6,26 6.35 6.29 6.41 
Ave. 6.15 6,33 6,19 6.36 6.22 6.43 
A 7,51 7.50 7,29 7.17 7.48 7.48 
h B 7.53 7.43 7,11 7.11 7.44 7.48 C 7,51 7.53 7,22 7.43 7.22 7,52 
Ave. 7,52 7,49 7,17 7.24 7,38 7,49 
A 7.82 7,78 7,63 7,73 7.51 7.78 
h B 8.10 7,95 7.70 7.70 7.39 7,78 C 7.80 8,04 7.31 7.83 7.78 7.90 
Ave. 7.91 7.92 7.55 7.75 7.56 7.82 
Lq, and Ig = CalciiHn carbonate equivalent to 0, 1 and 3 times the lime 
requirement respectively. 
* = Sampled 52 days after inoculation. 
= Sampled 186 days after Inoculation, 
Table 22a, The pH of Clarion fine sand at the planting of the first and 
after the harvesting of the second crop of corn, wheat and 
timothy respectively. 
Corn : Wheat : Timothy 
SamplinR period 
• 
• At H^S- « • At •5C-5J- • At ** 
Lime At «• : second At * : second At ic- : second 
treatment Block plantins;: harvest planting: harvest planting: harvest 
A 5,94 5,80 " 5,84 6,18 . 5.90 6.04 
^o B 5,97 5,84 5,89 6,21 5.90 6.06 
C 5,97 6,02 6,06 6.07 5,85 5.92 
Ave, 5,96 5,89 5,93 6,15 5,83 6.01 
A 7,36 6,34 7,19 7,41 7,50 7.54 
B 7.55 7.51 7,53 7,43 7,44 7.49 
C 7,43 7,49 7,53 7,41 7,34 7.54 
Ave. 7,45 7,38 7,42 7.42 7,43 7,52 
A 7,59 7,58 7,61 7.69 7.51 7.61 
-^2 B 7,59 7,43 7,59 7.53 7,51 7.54 C 7,59 7,55 7,59 7.53 7,63 7.55 
Ave, 7,59 7,52 7,60 7.58 7,55 7.57 
Lq, Ii2_ and Lg = Calcitim carbonate equivalent to 0, 1 and 3 times the line 
reqiiirerasnt respectively. 
it =s Sampled 52 days after inoculation, 
= Sampled 186 days after inoculation. 
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llrae requirement. The data in table 22 show that the pH of 
those soils v/as greater than pH 7.0. Little difference could 
be observed bobween l;ho milligrams of nitrogen fixed by the 
bacteria from bliese soils under bhe different crops or with 
tho two line treatments. At the end of the ojtperiment with 
the lime treated soils, the ;iiilli^raw3 of nitrogen fixed per 
gram, regardless of the crop which had been growing, v/as in 
excess of 21 milligrams. This v/as throe ti.nos as much as that 
fixed by the bactorla at the time of the planting of the crops 
and representes a high fixation and consequently a vigorous 
growth of tho bacteria in the soil, Undor the proper lime 
treatment, therefore, the (growth of corn, wheat or timothy 
cei'tainly does not hinder the growth of the bacteria in Clin­
ton silt loajn. 
In the soils which had received no treatment with lime, 
the bacteria were still active at the end of the experiment. 
Since this soil was the same as that used in the fallow sories 
and since the bacteria in the fallow series had completely 
died off in 3 months, it would appear that the grov/th of these 
plants had actually stimulated the growth of the bacteria. An 
examination of the data in table 22 shows, however, that at 
the end of the experiment, the pH of tho soils was 6,38 as 
compared to 6.17 for those which had remained fallow. It is 
Just as probable, therefore, tliat the increased pH may account 
for the longer growth of the Azotobacter in these soils. The 
results show, however, that the bacteria were not able to make 
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a very good growth in the no-lime soils since they fixed on an 
average of only 4.7 milligrams of nitrogen per gram at the end 
of the experiment. 
Clarion fine aamd re stilts. The results for Clarion fine 
sand were very similar to those for the Clinton silt loam ex­
cept that the bacteria in most cases were not quite so active 
in these soils. At the end of the experiment, for example, an 
average of about 18 milligrama of nitrogen was fixed per gram 
by the bacteria from the lime treated Clarion fine sand com­
pared to 21 milligrams per gr&m from the lime treated Clinton 
silt loam. Similar differences were obtained at each sampling 
period. The data of table 22a show that the lime treatments 
had resulted in comparable pll values for both soils. 
The bacteria were unable to grow in the Clarion fine sand 
which had not been treated with lime. They were absent from 
these soils in most cases at the time of the first sampling. 
The pH of these soils was about 5,95 which is less than that 
generally tolerated by the bacteria, which probably accounts 
for their absence. 
As in the case of the Clinton silt loam, when the soils 
had been treated with sufficient lime to raise the pH to the 
neutral point or beyond, the bacteria were able to make an in­
creasingly good growth with time. The different crops which 
were gvovm upon the soils did not seem to differ in their ef­
fect upon the bacteria. In addition, while it is not Imown 
Just what the effect of these crops was, it is quite obvious 
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that they did not hinder the grov/th of the bacteria, 
Aa a general concluaion, therefore, it geema that if 
siifficient lime is added to these soils to raise the pH to 
about the neutral point or beyond and regardless of a heavy 
growth of com, wheat or timothy on the soils, the bacteria 
may be able to make a vigorous grov/th and remain active for 
long periods of time. 
Influence of the inoculation of Clarion fine sand and Clinton 
ailt loam upon the yield and total nitrogen content of corn, 
wheat and timothy. 
The growth of the plants on the Clarion fine sand was 
poor. They did not grov; large and in addition, the leaves 
were yellow. It began to appear tlmt the plants vrould not 
reach maturity and when the lower leaves started to dry up 
rapidly, it was decided that they should be harvested which 
was done on March 13, 1937, 
On the Clinton silt loam, the plants were not harvested 
until the com yvas in full tassel ^ and the wiieat and timothy 
had started to head out. Greenhouse conditions v/ere such 
that the plants in the different blocks did not reach the 
same stage of maturity at the same time. Consequently, blocks 
A and B for corn, blocks A, B and C for wheat and block C for 
timothy were harvested on March 25, 1937 and the remaining 
blocks were not harvested until March 31, 1937, The wheat 
crop at the time it was hai'vested had not quite reached a 
comparable stage of maturity to that of the com or timothy. 
The reason for this was that a bad infection of the crop with 
a rust had occurred so that it was thought advisable to 
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harvest all of the crop at this tin© rather than run the risk 
of losing it. 
The activity of the Assotobacter in the inoculated soils 
was shovm in table 21 in the previous section. The uninocu-
lated soils were also tested for the presence of Azotobacter 
but except for a colony or two on a few of the plates, the 
bacteria were not found. The pH values of the samples which 
had been inoculated v;ith Azotobacter are given in tables 22 
and 22a. The pH values for the uninoculated soils correspond­
ed so closely to these that it seemed unnecessary to give them 
here. 
Clarion fine sand results. The yield and total nitrogen 
content of the tops of corn, wheat and timothy grown on Clar­
ion fine sand are given in table 23. The analysis of vari­
ance of the dry wei^^t of the crops is given in table 24; for 
the total nitrogen content, in table 25, In general, hi^ ly 
significant variations in the results between blocks and be­
tween lime treatments were obtained. The feature of these 
analyses, hov/ever, xiSiich is of first importance is the fact 
that the Inoculation of Clarion fine sand with Azotobacter had 
no measurable effect upon either the dry weight or total ni­
trogen content of any of the crops. The differences in the 
results Ida ich wore obtained from the inoculated soils compared 
to those from the uninoculated soils were not significant. 
Neither was the "lime x inoculation" Interaction significant. 
Table 21 shows that the bacteria were not active in the orig-
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Tablo 23. The yield and nitrogen content of the tops of com, v/hoat a 
Clarion fine sand. 
: Com : Who 
Dry -;«• . • • : Total Dry « 
weight : Percent : nitrogen weight : Per 
Treatment Block (m*) : nitrogen I (rafon,) (Km,) : nit 
A 13.7 0,64 88 1,56 1 
lo B 12,0 0,72 86 1,82 1 
C 7,1 0,82 58 0.87 1 
LQ 
A 14,0 0,64 90 2.13 1 
B 13,5 0,70 94 1.54 1 
G 7,6 0,92 70 0.87 2 
A 20,7 0,68 141 3.37 1 
lo B 20i0 0,59 118 2.65 1 
Ll 
G 13,2 0,69 91 1.89 1 
A 22,2 0,64 142 2,57 1 
II B 16,2 0,74 120 2.68 1 
G 11,9 0,83 99 1.73 1 
A 20,2 0,69 139 3.14 1 
lo B 21,2 0,65 138 2.99 1 
L2 
G 13,7 0,73 100 2.16 1 
A 26,2 0,57 149 2,76 1 
II B 29,2 0,68 198 S.36 1 
G 13,8 0,80 110 1.94 1 
•sfr = Oven dry wel^t (abDut 5 percent moisture) 
Lo, Lx and L2 ~ Galciiom cart>onate equivalent to 0, 1 and 3 times t 
Iq and = Unlnoculated and inoculated with Azotobaoter respe 

the tops of com, v/laoat and tiniothy grown on varioualy treated pots of 
i " WlToat : Tiniothy 
[Dotal Dry • • « • Tot al s Dry ^  i : Total 
itrogen weight : Percent : niti-'ogen weight : Percent ; nitrogen 
(mran.) (ran.) : nitroKen ; (iJVOT. ) (Em.) ; nitrogen : (mp;m.) 
88 1,56 1.75 27 1,67 1.98 33 
86 1«82 1.68 30 2.25 1.80 40 
58 0.87 1,89 16 0.85 1.90 16 
90 i 2.13 1,62 34 1.09 3.10 34 
94 1.54 1,54 24 2.19 1.84 40 
70 0.87 2.08 18 0.83 2.55 21 
141 3.37 1.66 56 2.51 2.30 58 
118 2.65 1,57 42 2.49 2.50 62 
91 1,89 1.51 28 2.51 1.85 46 
142 2.57 1.57 40 2.47 1.92 47 
120 2.68 1.53 42 2.08 2.56 53 
99 1.73 1.63 28 2.39 1.91 46 
139 3.14 1.68 ^ 53 2.86 , 2.12 61 
138 2.99 1,67 50 2.81 2.14 60 
100 2.16 1.60 34 2.72 1.96 53 
149 2.76 1.66, 46 1.57 2.96 46 
198 2.36 1,60 38 2.18 2.47 54. 
110 1.94 1,69 S3 : 2.57 
• 
2,13 55 
iture) 
.ent to Oj 1 and 3 times the lime requirement respectively, 
;ed with Azotobaoter respectively. 

Table 24. Analysis of variance of the dry weight of com, wheat and 
timothy grown on Clarion fine sand with and without Inoc­
ulation with Azotohacter and treated with different aiaounta 
of lime. 
• 
« Degrees • Jiean square 
• 
Source of variation : 
of 
freedom 
• 
« 
: Com 
a • 
• • 
: Yi/iieat i Timothy 
Between blocks 2 125.0316*-^  1.6678-^ - 0.22ie 
Between lime treatments 2 136.1850-"-^  2.2349^ '""- 1.8073^ "-
Between inoculation 1 9,1022 0,1945 0.6050 
Lime X inoculation 
interaction 2 13.5372 0.1030 0.1180 
Error 10 5.3090 0.0470 0.2192 
Total 17 
-5HS- a: Highly Significant, 
Table 25, Analysis of variance of the total nitrogen content of com, 
wheat and timothy grown on Clarion fine sand with and with­
out inoculation with Azotobacter and treated with different 
amounts of lime. 
Degrees : Mean square 
of ; • • » « 
Source of variation freedom J Corn : (."/heat : Timothy 
Between blocks 2 
Between lime treatments 2 
Between inoculation 1 
Lime x inoculation 
interaction 2 
Error 10 
Total 17 
.00277616-* .00042950-:J4t . 00021800-:H:-
. 00519050-:f-» .00052550^ ^^ :- . 00104716-^ H;-
.00070939 .00006050 .00006050 
.00022906 .00002516 .00003617 
.00023957 .00001817 .00003113 
= Highly significant. 
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Inal soil at the tims of the planting of the crops but that 
they were very active up to the end of the esqperiment in the 
soils that had been treated with lime. If inoculation had 
favored the growth of these plants, therefore, it would be ex­
pected to show up with the "lime x inoculation" interaction. 
Since a significant result was not obtained, it indicates a 
complete lack of effect of the Inoculation of Clarion fine 
sand with Azotobacter upon any of the crops grown upon it. 
This result is interesting in view of the fact that the 
Clarion fine sand was deficient in nitrogen as indicated by 
both the total nitrogen determination of the soil and by the 
yellow color of the plants grown upon it. If the inoculation 
of a soil with Azotobacter were to stimulate plant growth, 
assuming that the bacteria Avould remain active in the soil, 
surely such a response should occur in this soil. Yet, re­
gardless of an active growth of the bacteria, no response 
appeared. This does not support the findings of Sheloumova 
and co-workers (64,65,66, 67) who obtained large increases 
in crop yields due to Azotobacter inoculation. 
Clinton silt loam results. The yield and total nitrogen 
content of the tops of corn, wheat and timothy grown on Clin­
ton silt loam are given in table 26, The analyses of variance 
of the data are given in tables 27 and 28, In this experiment, 
since the plants were allowed to come to the same stage of 
maturity in the different blocks before they were harvested, 
except for the wheat which was harvested early due to rust In-
94 •" 
TalDle 20. The yield and nitrogen content of the tops of corn, vdieat a 
Clinton silt loom. 
Treatment Block 
Com : W 
Dry ; : Total s 
v/eight t Percent : nitx'ogen 
(Km») : nitroRen ; (mflja#) 
Dry s 
Y/od^ Jat 5 Pe 
(OT,) : ni 
Lo 
lo 
A 
B 
C 
65.5 0,89 583 
62,5 0,77 481 
63,0 1,03 643 
6,87 2 
8.22 1 
6.12 1 
T-1 
A 
B 
G 
57,0 0,91 519 
63,0 0,83 523 
58,0 0,96 555 
7.32 3 
8.54 2 
8.62 1 
Ll 
lo 
A 
B 
0 
63.0 0,73 460 
69,5 0,77 535 
60.5 0,86 520 
6.12 2 
8.26 2 
10.23 2 
II 
A 
B 
C 
66,0 0,76 503 
72.5 0,90 652 
66.0 0.91 601 
7.22 3 
9.88 2 
9.87 2 
L2 
lo 
A 
B 
C 
59,0 1,05 620 
68,0 0,99 673 
75,2 0,99 744 
8.37 2 
10.98 2 
11.30 2 
II 
A 
B 
0 
57,0 1.01 576 
68,5 0,92 630 
70,0 0,91 637 
8.66 3 
9.13 2 
10.86 2 
•55- =s Oven dry weight (about 5 percent moiature) 
Loj and Lg = Calcium carbonate equivalent to 0, 1 and 5 times 
Iq and II =5 TJnlnoculated and Inoculated with Assotobacter reap 
I 
I 
I 
1 
le tops of corn, vfceat and timotihy grown on variously treated pots of 
s \VlToat Timothy 
Dotal : 
Ltrogen 
(lllOTl# ) 
Dry s : Total 
we ii"h t : Per cent : nltro gen 
(ran#) ! nitrogen : (rapjn.) 
Dry : t Total 
weight ; Percent : nitrogen 
(pjn.) : nitix3f::en : ) 
583 
481 
643 
J 
6,87 2.94 203 
8.22 1.85 152 
6.12 1.97, 120 
2,70 2.05 70 
4.23 2.44 103 
4.15 1.95 81 
519 
523 
555 
7.32 3.10 227 
8.54 2.01 172 
8.62 1.68 145 
5.89 2.22 131 
6.11 1.98 121 
5,76 2.56 147 
460 
535 
520 
6.12 2.81 172 
8.86 2.14 177 
10.23 2.04 209 
3.69 2.58 95 
4.45 2.42 108 
4.23 2.47 104 
503 
652 
601 
7.22 3.02 818 
9.88 2.59 256 
9.87 2.38 235 
4.60 2,51 115 
5.33 2.29 122 
4.92 , 2,79 137 
620 
673 
744 
8.57 2.84 238 
10.98 2.25 247 
11.30 2.12 . 240 
5.58 2.52 141 
4.05 2.41 98 
6.79 2.33 158 
576 
630 
637 
8.66 3.12 270 
9.13 2.59 ' 236 
10.86 2.04 222 
6.30 2.50 158 
5.64 2.57 134 
6,13 2.61 160 
ture) 
.ent to 0, 1 and 3 times tlie lime requirement reopeotlvolyo 
jQd with Azotobactor roapoctively. 

Table 27, Analysis of variance of the dry weight of corn, wheat and 
timothy grovm on Clinton silt loam with and without inoc­
ulation with Azotobacter and treated with different amounts 
of lime. 
• 
• Degrees • • Mean square 
• 
« 
Source of variation : 
of 
freedom 
« 
• 
: Corn 
• • 
: VJheat : Timothy 
Between blocks 2 58.1939 7,4422-:s-* .4494 
Between lime treatments 2 45.4439*i{- 7.7646-x^ -:} 2.4278-!:-
Between inoculation 1 S.7355 .7321 6,4920-"-w 
Lime x inoculation 
interaction 2 26.9772 1.3225 1.2119 
Error 10 21.3706 .9444 ,5226 
Total 17 
* = Significant. 
-x-x- = Highly significant. 
Table 28, Analysis of variance of the total nitrogen content of corn, 
wlieat and timothy grown on Clarion fine sand with and with­
out inoculation with Azotobacter and treated with different 
amotints of lime. 
Degrees : Mean square 
of : • • • • 
Source of variation freedom : Corm : V/heat : Timothy 
Between blocks 2 
Between lime treatments 2 
Between inoculation 1 
Lime X inoculation 
interaction 2 
Error 10 
Total 
8149.55 
19524.22-5H:-
213.56 
8801.56 
2274.36 
1032.06 464.06 
7901.56-:Ki- 1872.89-"-
2762.72 
916.22 
772.72 
3960.50^ hs-
398.00 
265.32 
CO 
O) 
= Significant. 
=5 Highly significant. 
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fectlon, the results did not differ significantly from block 
to block. The influence of lime additions to this soil was 
to increase significantly the dry weight and total nitrogen 
content of the plants grown upon it, as was the case with the 
Clarion fine sand., With the Clinton silt loam^ the inoculation 
with Azotobacter did not bring about either an increased di>y 
weight or an increased total nitrogen content v/hlch was sta­
tistically significant for either the com or the wheat. The 
timothy, however responded very definitely to the inoculation 
of the soil with Azotobacter and a highly significant increase 
in both the dry weight and total nitrogen content of tlie crop 
was obtained. 
An examination of the data in table 21 shovfa that the 
bacteria were more active in the lime treated soils than in 
those not treated with lime. It ml^ t be expected, therefore, 
that the bacteria would have more effect upon the growth of 
the plants in the soils treated with lime than in those not 
so treated. For all three crops grown, however, the "lime x 
inoculation" interaction was not significant showing that this 
was not the case. The lack of significance of this interaction 
in the case of the timothy shows, in addition, that the growth 
of the bacteria in the unllmed soils, though small compared to 
that in the limed soils, was large enou^  to bring about as 
great a response from the inoculation as the timothy was able 
to make. 
The results v/hlch were obtained show, therefore, that 
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th© Inoculation of Clinton silt loam with Azotobacter did not 
significantly increase either the dry weight or total nitrogen 
content of corn or v/heat even when a vigorous growth of the 
bacteria was present in the soil as was the case with the 
soils vdaich had been treated with lime. They show, in addi­
tion, that the inoculation of this soil with Azotobacter did 
increase significantly the dry wei^ t and total nitrogen con­
tent of timothy. Even though the bacteria were more active 
in the limed soils, they did not bring about a significantly 
greater effect than the loss active flora of the unlimed soils. 
It is difficult to give an average figure which will re­
present the increase in the yield of the timothy due to inocu­
lation. The reason for this is that the effect of the inocu­
lation was not significantly different from either the limed 
or the unliraed soils, whereas the growth of the plants varied 
v;ith the lime treatments. For an increased weight of the 
plants as the lime treatment increased, therefore, the addi­
tional increase due to inoculation v/hen calculated as a per­
centage difference, v/ould tend to decrease as the weight of 
the plants increased. The data for the dry weij^ t of the 
plants, for example, show that this was actually the case, the 
percentage of Increase (calculated as an average of the three 
replicates) due to inoculation progressively decreasing as the 
lime treatment increased as follows: 60,4, 20,1 and 10.0 
percent respectively. For the total nitrogen content, the de­
crease was as follows: 56,4, 22,5 and 14,4 percent respect­
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ively. Ilov/ever, slnoe the increase In yield due to the lime 
treatments was not large, being barely significant, it seemed 
that a good idea of the average increase in the yield of the 
timothy due to the inoculation could be obtained by disregard­
ing the differences due to lime and comparing the average of 
all of the results from the inoculated soils with those from 
the uninoculated soils. The results which were obtained are 
as follows: 
Dry weight Total nitrogen 
(gm.) (ingm,) 
Uninoculated 4.45 106 
Inoculated 5.63 136 
Difference 1.54 25 
Percent Increase • • • •, 39.5 26.6 
It may be concluded, therefore, that the Inoculation of Clin­
ton silt loam with Azotobacter, conditions being favorable for 
the continued growth of the bacteria either in the original 
soil or by virtue of lime additions, brou^ t about an average 
increase in the dry weight of timothy of about 39,5 percent 
and in its total nitrogen content of about 26.6 percent. 
In view, of the fact that the differences In favor of In­
oculation were so consistent throughout a triplicate experi­
ment that a highly significant result was obtained, it indi­
cates unmistakably that the inoculation of at least one Iowa 
soil with Azotobacter does Improve the soil envlronanent so 
that some plants may make a better growth than in the soils 
in which the bacteria are not active. Since these organisms 
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fix nitrogen from the atmosphere. It la assumed that it was the 
increase In nitrogen ^ ich caused the inoreaac-d yields. 
It is interesting that timothy alone of the three crops 
tested ahotald have responded favorably to the inoculation since 
this crop is the most sensitive of the three to nitrogen 
changes in the soil, Vi/heat may perhaps bo an exception to this 
insofar as the grain is concerned, but since the crop had to 
be harvested before the plants had headed out to any great ox-
tent, it was impossible to select the heads and teat oitt the 
influence of the inoculation on them separately. 
It is also interesting that a favorable response to in-
oculatj.on should have been obtained on the Clinton silt loam 
but not on the Clarion fine sand with its greater deficiency 
in nitrogen. Perhaps othei' elements such as the so-called 
minor elements were limiting the growth of the plants in these 
soils so that they were unable to utilize the nitrogen furn­
ished them by the bacteria. Then too, the plants v/ere making 
such a poor growth in these soils that they had to be harvest­
ed long before they had reached maturity so that any differ­
ences might not have appeared. 
These resiilts show a need for more v/ork on this subject 
to test out a greater variety of plants on many different 
soils. Finally, the greenhouse studies need to be checked 
v/lth field experiments before the inoculation of soils with 
Azotobacter can be said to be of practical importance in soil 
management. 
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DISCUSSION OP KESTJLTS 
A px-evloua investigation of the oocxarence and distri­
bution of Azotobaoter in Iowa soils (51,53) showed that many 
of the more important soil types of the state from the stand­
point of total acreage were practically devoid of the bacteria. 
Barely a third of the 287 samples collected contained the bact­
eria. Correlation studies of the chemical composition of the 
sample a and 12ie presence of the Azotobacter indicated that the 
high acidity of the majority of these soils was the moat im­
portant factor limiting the presence of the organisms and that 
the available phosphate content was also of importance in many 
cases. Other factors being favorable, the results indicated 
further that the aiaomt of growth which the Azotobacter would 
inalce in the soil depended largely upon the organic matter con­
tent and upon the pH, 
llie present investigation was planned to study further 
and in more detail the results of the correlation studies. 
Carefully controlled experiments were carried out in which the 
effect of various soil treatments upon the growth of the Azo­
tobacter while in the soil was determined. The results which 
v/ere obtained definitely support one finding of the correla­
tion studies, namely that the most important factor limiting 
the growth and hence the distribution of Azotobacter in Iowa 
soils was the low pll of those soils, vath three extensively 
occurring Iowa soils which were shown to be generally defi­
cient in Azotobacter in the previous investigation and one 
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minor type, i.e., Grundy, Clinton and Clarion silt loams and 
Clarion fine sand, it was found that a treatment with suffi­
cient lime to raise the pH to near neutrality v/as all that vms 
necessary to improve the environment so that the bacteria 
would remain active for periods up to ,9 months in length. 
Tlie growth of com, wheat or timothy on the Clinton silt loam 
or Clarion fine sand so treated with lirao did not hinder the 
grov;th of the bacteria. No other treatment or combination of 
treatments was found necessary for the growth of the bacteria 
in these soils. 
A comparison of the results which wore obtained from the 
different soil types Indicated that at the same pH, the soil 
conditions had varying effects upon the growth of the bacteria. 
For this reason, the actual limiting pH value, viille It may 
approach a pll of 6.0 (Gainoy (25,29)) may differ for different 
soils. The nvimber of bacteria decreased very rapidly in the 
Clinton silt loam with a pII of about 6.17 and after 1 month 
could not again be detected; a pH of 6.38 was limiting for the 
growth of the bacteria in Clarion silt loam; In Qrundy silt 
loam with a pH of 5.97, the ntxmber decreased very slowly. The 
limiting pH value for Azotobacter in Iowa soils, therefore, 
undoubtedly varies with the general soil conditions. 
The amount of grov/th which the bacteria will make in soils 
at the same pH also varies with the general soli conditions. 
Thus, for example, the Grundy silt loam at a much lower pH was 
able to STjpport an Azotobacter flora which would fix more nl-
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trogen tban the flora of the Clinton silt loam saTJiplea. At 
the sane pH, therefore, the Gnmdy silt loam was ahle to furn­
ish an environment which was more favorable for the grovrth of 
the Azotobacter than was the Clinton silt loam. It was thought 
that one of the reasons for this difference was the much high­
er organic matter content of the Grundy silt loam. This viev/ 
was supported by the fact that additions of organic matter In 
the form of oat straw to the Clinton, silt loam.^  stimulated the 
growth of the bacteria. This effect was not observed to as 
great an extent in the Grundy silt loam. 
The fact that organic matter additions stimulated the 
grov/th of the bacteria in the Clinton silt loam which was low 
in organic matter but not in the Grundy silt loam which was 
high in organic matter, supports a second conclusion of the. 
correlation studies (53), namely, that the amount of growth 
which the Azotobacter made in the soil, other factors being 
favorable, depended largely upon the organic matter content. 
The conclusion of the previous investigation that the a-
vailable phosphate content of Iowa soils may be of importance 
in limiting the growth of the bacteria In them, was not sup­
ported in this study. The addition of treble superphosphate 
at the rate of 300 pounds per acre, either alone or in any 
combination with lime, oat straw or nitrogen, failed to show 
any significant effect \jpon the growth of the bacteria in these 
two soils. One exception to this was a barely significant 
"phosphorus x nltrogm" interaction at only one sampling of ttie 
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Clinton alit loam. This may indicate that in certain combin­
ations, phosphorus may stimulate the growth of the bacteria to 
a small extent. 
TItIs finding is interesting in view of the fact; that crops 
on both of these soils respond favorably to applications of 
j)ho3phate fer^ tilizers. Vandecnveye and Anderson (76) also 
found that phosphorus failed to stimulate Azotobacter growth. 
The addition of superphosphate to a large number of Washington 
soils on v/hich crops also responded favorably to applications 
of phosphate fertilizers, failed to show any significant effect 
upon the longevity of the Azotobactor in them. Both observa­
tions support the results obtained by Burk and Lineweaver (13) 
with pure cultures of the bacteria to the effect that phos­
phorus is not essential for the growth of the bacteria except 
in extremely small concentrations. At higher concentrations, 
however, it was found that phosphorus did stimulate the growth 
of the organisms. 
The addition of nitrogen to these soils in either a large 
amount (equivalent to 500 pounds per acre of sodium nitrate) 
or a small amount (equivalent to only 100 poxmds per acre) or 
in any combination with oat strav/, lime or phosphorus, failed 
to affect significantly the growth or activity of the Azoto­
bactor in tiriese soils. The findings of Winters (82) to the 
effect that 100 pound per acre applications of sodiim nitrate 
to some New York soils stimulated the growth of the Azotobact-
er whei'eas all lai'ger applications depressed it, was not svip-
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ported in this study. Neither was the work of v;ino{5radaky 
(84,36) or of Ziomiecka (91) awpported by those rosulta. Thoy 
foiind that the oppllcatlon of flxod nitrogen to the soil in 
large amounts deproaaed the Azotobaoter flora and in many caaoo 
entirely oliminated them from the aoil. However, they sampled 
plots of soil vjhich had received repeated dressings of nitrogen 
fertilizers over a period of years ao that a large total a-
jnotint of nitrogen had ijeen added to theae soils. VJinogradaky 
(87) laakes n atatenient soinswhat to the same effect as follows: 
"Reg^ ilar and abundant dressings (of nitrogenous fertilijsers) 
would tend to reduce its (Aaotobactar) density or even make 
the spocios disappear altogether." 
That nitrogen does effect the growth of theAsotobactor 
in mixed culture, however, vjas indicated by the results ob­
tained when magneaium ammonium phosphate was used. It was 
found that the addition of this compound to the nitrogen-free 
agar plates upon vhich was sprinlcled a soil Imown to contain 
the bacteria, stimulated the growth of the organianis over that 
on the plates which did not contain this compotind. It appear­
ed that tlTfl reason for this stiiaulation probably rested with 
the very small amount of nitirogen this compoimd would furnish 
to the medium because of its alight soliabillty. A comparable 
stimulation could be induced when very small amounts of other 
readily available nitrogenoxis compounds wore added to the 
medium whereas larger applications depressed the fixation. 
With agar plates, however, a large eenount of sugar is 
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present In the medium thereby widening the C:N ratio so that 
the bacteria can make a very large growth compared to that 
vihich they could ever make in the soil. Observations of the 
effect of nitrogen upon the growth of the bacteria on agar 
plates, therefore, might not be applicable at all to field 
soils except,aa Winogradsky points out, v/hen they had received 
abundant and repeated dressings of nitrogenous fertilizers 
over a period of years, A much larger application of nitrogen 
than would ever be added on a practical scale (equivalent to 
500 pounds per acre) was made to two typical lov/a soils and 
failed to affect the presence or activity of the Azotobacter 
to any significent extent. This may emphasize the danger of 
interpreting the results of work in which large numbers of the 
bacterial cells are worked vdth on artificial media as applic­
able to conditions as they exist in the soil. The environments 
are far from comparable. 
Since the addition of enough lime to raise the pH of the 
samples to about the neutral point or beyond seemed to be all 
that was necessary to bring about an environment in some typi­
cal Iowa soils xihich would support a vigorous grov/th of the 
bacteria over long periods of time and in viev; of the positive 
results which Sheloumova and co-workers (64,65,66,67) had ob-
ta3.ned from the Inoculation of Russian soils with Azotobacter 
when conditions v/ere mde favorable for the continued growth 
of the bacteria in tho soils, it seemed desirable to determine 
whether or not an active flora of the Azotobacter would fix 
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sufficient nitrogen In Iowa solla to stimulate the growth of 
some typical Iowa crops. Consequently, an inoculation experi­
ment was carried out in the greenhouse with two soil types 
which responded to nitrogen fertilization, i.e., Clinton silt 
loam and Clarion fine sand, and three Iowa crops, l»o,, com, 
wheat and timothy. 
The results which were obtained were mostly negative. The 
inoculation of Clarion fin© sand with Aaotobacter was complete­
ly without effect in altering either the dry v/ei^ t or total 
nitrogen content of any of the ciops. Tests of the soils for 
the presence of the Azotobacter during the course of the ex­
periment showed that they were present and active in the soils 
that had been treated with lime. 
The results for the Clinton silt loam. Insofar as the corn 
and wheat crops were concerned, were like those for the Clarion 
fine sand, showing no increase in the yield or total nitrogen 
content of these two crops due to the inoculation. Timothy, 
however, responded very definitely to the inoculation with 
Azotobacter and a highly significant Increase in both the dry 
weight and total nitrogen content of the crop was obtained, 
A test of the soils for the presence of the Azotobacter during 
the course of the experiment showod that they were more active 
in the soils which had been treated with lime. The growth of 
the bacteria in the unllmed soils, however, was large enoiigh 
that the response of the timothy to the inoculation on these 
soils did not differ significantly from that on the soils 
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treated with lime. 
Disregarding the differences in the yield of the timothy 
due to the lime treatments and comparing an average of all of 
the results from the inoculated soils v/ith that from the unin-
oculated soils ^ ows that the inoculation of the Clinton silt 
loam with Azotobacter brought about an average increase in the 
dry weight of the timothy of about 39,5 percent and in its 
total nitrogen content of about 26.6 percent. 
In view of the fact that the differences in favor of in­
oculation were so consistent throughout a triplicate experi­
ment that a highly significant result was obtained, it indi­
cates unmistakably that the Inoculation of at 3.east one Iowa 
soil with Azotobacter does improve the soil environment so 
that some plants may make a better growth than in the soils in 
which the bacteria are not active. At least, these results do 
show the need for more extended experiments on this subject to 
test out a greater variety of plants on many different soils. 
Finally, the greenhouse studies need to bo checked with field 
experiments in order to deterjnine definitely whether or not 
the inoculation of soils with Azotobacter can be of practical 
importance in soil management practices. 
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SUMMARY AND CONCLUSIONS 
1, The first atndies were made of the effect of magnes­
ium aiaraonluin phosphate upon the Azotobacter, 
2, The addition of this compound to the soil plaques or 
the nitrogen-free agar medium used for the detection of the 
Aaotobacter in soils, brought about a definite increase in the 
numbers of colonies appearing on the sucface of tiie plates 
showing that it stimulated the growth of the Azotobacter. 
3, Tlie reason for the stimulative action of magnesium 
amiTionlum phosphate upon the bacteria vms traced to its content 
of available nitrogen, although, becatise of the slight solu­
bility of this compound in water, only small amounts were pres­
ent in the medi\xm. 
4, In a second experiment, the influence of different 
fertilizers or combinations fertilizers upon the growth and 
activity of Azotobacter in typical samples of Clinton, Ginrxdy 
and Clarion silt loams was determined, Tlieae soils represent 
a wide variety of soil conditions and, in addition, had been 
found to be generally lacking in Azotobacter (53), 
5, The fertilizers used in these experiments vmre (a) 
lime to vary the pH of the 3aiT5>lea, (b) oat straw to increase 
the organic matter content, (c) sodium nitrate to determine 
whether or not small amounts of nitrogen added to these soils 
would actually stimulate Azotobacter growth and (d) treble 
superphosphate to increase the amount of readily available 
phosphate. 
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6. The results showed that an addition of lime to these 
soils was essential for the prolonged growth of the bacteria 
and that an amount sufficient to raise the pH to near neutral­
ity was all that was necessary to improve the environment so 
that the bacteria would remain active for at least 9 months, 
7, The growth of com, wheat or timothy on the Clinton 
silt loam or a Clarion fine sand treated with lime did not 
hinder the growth of the bacteria. 
8, None of the Individual treatments other than line 
were essential for the growth of the bacteria in these soils. 
Indeed, except for oat straw, none of the treatments other 
than lime, regardless of their combination, seemed to exert 
any influence upon the bacteria. 
9. There was some evidence when limo was present, however, 
that other treatments may aid the growth of the bacteria. This 
was partlculai'ly true for the oat strav/ treatment in the case 
of the Clinton silt loam, 
10. It was found that at the same pli, the Grundy silt 
loam presented a better medium for the growth and activity, of 
the Azotobacter than did the Clinton silt loam. One of the 
reasons for tills difference was attributed to the higher or­
ganic matter content of the Grundy silt loam. 
11, ITie limiting pH value for the growth of the Assoto-
bacter in these soils was shown to approach a pH of 6,0 but it 
was pointed out that the actual limiting value for the differ­
ent types undoubtedly varied with the general soil conditions. 
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12. Having found that an active flora of the Azotobacter 
could be maintained in some acid Iowa soils by the addition of 
lime sufficient to raise the pH up to about the neutral point. 
Inoculation experiments v/lth the Azotobactor were conducted to 
determine whether or not sufficiont nitrogen would be fixed to 
stimulate the growth of some typical Iowa crops. They were 
carried out in the greenhouse In triplicate with two soil types 
which responded to nitrogen fertilization, i.e., Clinton silt 
loam and Clarion fine sand, and ttoee Iowa crops, i.e., com, 
wheat and timothy. 
13. The inoculation of the Clarion fine sand with Azoto­
bacter was completely without effect in altering either the 
dry wel{2ht or total nitrogen content of any of the crops. 
Teats of this soil for the presence of the Azotobacter during 
the course of the experiment shov>red that they were present and 
active when the soil had been treated with lime, 
14. The Inoculation of Clinton silt loam with Azotobacter 
was without effect in altering the dry wel^ t and total nitrogen 
content of the corn and wheat grown upon It, 
15. Timothy on the Clinton silt loam responded very de­
finitely to the inoculation with Azotobacter and a highly sig­
nificant increase in both the dry weight and total nitrogen 
content of the crop was obtained, Tho average Increase in the 
dry welglit of the timothy due to the inoculation was about 
39.5 percent; for the total nitrogen content, an Increase of 
about 26.6 percent occurred. 
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16. 'A'ltli this Clinton silt loam, tho Aaobobncter were 
more active during the course of the experiraent in the soils 
which had been treated with lima. The growth of tho bacteria 
in the imlimed soils, however, vms largo enougii that the re­
sponse of the tiiaothy to tho inoculation did not differ slg-
nificantly from that on the snmples treated with lie®, 
17, These results Indicate a need fox* more extended ex­
periments upon the inoculation of soils vjith Aaotobactet» to 
tost out a greater variety of plants on tnany different soils. 
\Vhen this is done, dofinlte conclusions rajjardlng tho useful­
ness of tho inoculation of soils with Azotobnctor in o\U' soil 
management practices may then be reached. 
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ABSTRACT 
Meas^lre^lent8 of the physical properties, and crystal 
structure of polonium show that the element is very metal­
lic. Measurements of the electrical resistivity of thin 
films of metal shoxv that polonixun e3dsts in two allotrqpic 
forms. The specific resistivity and thermal coefficient of 
resistivity of the tv/o phases are respectively: 
RQ of oi.-Po s 42 micro-ohm-cm << of o(-Po = .0046 
Rq of /?-Po = 44 " cAOt /S'-Po = .0070 
The element has a melting point of 254°C and a density of 9.4 
g/cc. Its hardness is similar to that of lead. 
X-ray diffraction studies have shown that £>(,- Po has a 
simple cubic sti^ ucture with a lattic parameter "a" - 3.34 A. 
The -phase has a simple rhombohedral structure with "a" ^  
3.36 A and ois 98° 13'. 
A sample which was photographed intermittently for 
138 days - the half life of Po - has shown no new diffraction 
patterns, thus indicating that lead is soluble in polonium 
to the extent of 50 atomic percent. 
Diffraction patterns taken with the sample of different 
temperatures show that oC-polonitcn has a negative thermal co­
efficient of expansion equal to -300 - 100 x 10"® cm/cm/°C. ^^ he 
coefficient of expansion for ^-polonium is probably 50 x 10 . 
V 
It is concluded that polonium crystallizes with metallic 
bonding but that the atom is probably incompletely ionized. 
Observations on the transformation temperature show that 
the transition occurs between 65°C and 130°C and that the 
range depends upon the thickness of the sample used in the 
determination. 
1 
PHYSICAL PROPERTIES OP POLONIUM 
Introduction 
Polonium {atomic number 84), is a naturally occxirring 
radioactive element discovered in 1898 by Pierre and Marie 
Curie while seeking the cause of radioactivity in pitchblende. 
It is a member of the uranium series of radioactive elements 
and is known as radium P. It is formed from radium E by the 
emission of a -particle and in turn decays by the emission 
of an ©(.-particle to inactive lead. 
In spite of the many investigations of the chemical 
properties it was impossible to decide with this information 
alone whether poloniim was a metal or a non-metal. Its atomic 
number of 84 places it in Group VI-B in the periodic table 
and if it were a non-metallic element it would be expected to 
have properties similar to those of S, Se and Te. If it v/ere 
a metallic element it v/ould be expected to have properties 
similar to Tl, Pb and Bi. Table II lists some phy3ical prop­
erties of these two groi^is of elements. It will be noted 
that the electrical resistivity is the most widol^ variant of 
the properties associated with the two groups. Prediction of 
the specific resistivity of poloniiun on the basis of the 
values for Tl, Pb and Bi gives a value of a few hundred micro-
ohm- cen timet er s . Similar extrapalation of the values for S, 
Se and Te gives a value of several thousand micro-ohm-
2 
centimeters. An approximate determination of the specific 
resistivity of polonium should be sufficient to establish 
v;hich of these values is the more correct and thus determine 
to which group polonium belongs. It was Vi'lth this in mind 
that the first rough determinations of the electrical resis­
tivity and the thermal coefficient of resistivity were made. 
The results showed rather conclusively that polonium is metal­
lic and should be expected to have properties similar to 
those of Te, Pb and Bi. 
It was decided that more information would be gained by 
the determination of other physical properties than by further 
refinements of measurements of electric resistance. Accord­
ingly determinations on the melting point and density have 
been made. An investigation has also been made by x-ray dif­
fraction methods on the crystal structure of the and 
phases of polonium discovered while determining the thermal 
coefficient of electrical resistivity. Some preliminary 
observations have also been made by x-ray diffraction on alloys 
of polonium and lead and of the coefficient of thermal expan-
^ sion for the two phases. Finally some observations have been 
made on the characteristics of the phase transition. 
Factors Influencing the Selection of Methods 
Below are listed some of the properties of polonium which 
though not individually unique made the employment of conven­
tional techniques difficult if not Impossible. 
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1) Although the amount of polonium now available within 
the Manhattan Project would be considered large by the early 
workers with polonium, the same amount of material would be 
considered fantastically small by the conventional metallur­
gist or physicist employing standard precision techniques for 
measuring the properties desired here, 
2) The high specific activity of polonium makes it ex­
tremely toxic if absorbed into the body. Vihen a polonium atom 
decays near the surface of metallic polonium or a polonium 
compound the recoil often hurls small particles of active 
material Into the air. This phenomenon coupled with the high 
toxicity requires that the experimenter select a method v/hich 
v/ill expose the active material to the open atmosphere as 
little as possible. Completely closed systems, "dry" boxes, 
or well ventilated areas must be employed. The technique 
selected must be one in which there is no mechanical scattering 
of the material. 
3) Polonium has a half life of 138 (1) days and the com­
position of the sample changes rapidly v/ith time. In a freshly 
prepared sample lead is Increasing at the rate of one-half 
percent per day. The method selected must require as little 
time as possible. Methods requiring a long time to attain 
equilibrivini or requiring successive measurements over an ap­
preciable period are Impractical. 
4) The heat produced by the radioactivity (0.12 calories 
per microgram per hour) maintains the polonium and its 
4 
Immediate surroundings at a temperature higher than the 
ambient temperature. The magnitude of this temperature 
differential varies with the size of the sample and the 
heat transfer characteristics of its immediate environ­
ment. This phenomenon makes the determination or repro­
ducibility of temperature difficult. 
5) ALnost complete lack of Icnowledge as to tiie order 
of magnitude of all of the physical properties was also a 
great handicap. 
Preparation and Purity of Polonium 
Metallic polonium VJaa prepared by electro-deposition 
on platinxim foils from dilute nitric acid solution^1). Earlier 
work by other members of the laboratory had shown that metal 
prepared in this manner was very pure, except of course for 
lead which is formed in the metal after deposition, A fvirther 
chock of the purity vjas made by the spectrochemlcal analysis 
of a sample used for a mielting point determination. The 
analysis showed only the expected amount of lead and small 
amounts of aluminum and calciiam. It is believed that these 
latter impurities were introduced v;ith the acid used to dissolve 
the sample in preparing it for analysis. The analysis v;aa per­
formed on only one sample. In the chemical process used in 
the recovery of the material for subsequent experiments it is 
possible but unlikely that other impurities were introduced. 
5 
Electrical Realsblvlty 
The specific resistivity and thermal coefficient of 
resistivity v/ere deterininod on thin distilled films of 
poloniiHii. The determinations v;ero made in the following 
manner with the apparatus showi in Figures I and II; 
1) A freshly prepared polonlvim coated platinum foil 
was placed in a tantalum test tube vjhlch in turn was placed 
in the quartz jacket. 
2) The eloctrode holder was inserted and the apparatus 
evacuated to a pressure of from 10*"^  to lO^ m^ra of Hg. The 
electrodes were four fine tungsten v/ires sealed through the 
end of the pyrex-glass electrode holder. The glass and 
electrodes v/ere ground and polished so that they formed one 
smooth flat surface. 
3) The polonium was distilled from the foil onto the 
end of the electrode holder by heating the tantalum test tube 
to a dull red heat by high-frequency induction. The polonium 
condensed as a thin jfilm of metal which shorted the four elec­
trodes, The size and shape of the film was determined by a 
hole in a platinum shield v/hich was wired to the end of the 
electrode holder. The character of the film was found to bo 
dependent upon the rate of distillation. The optimum rate of 
distillation was different for polonium end for each of the 
metals used as a stand-in while developing the technique, 
(4) The apparatus was filled with about one-third of an 
atmosphere of helium and removed from the vacuum line. 
4 " 
Pig, I, Resistivity apparatus 
Pig. III. Photo micrograph (lOOX) of a distilled 
polonium fito. 
COA/STAA/T 
CURRENT 
potentiometer 
PYREX 
TUNGSTEN 
THERMOCOUPLE 
POLONIUM FILM 
F/GJ REJISWITYAPPARATUS-END OFEpcrffm HOLDER 
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5) The apparatus was placed in a long vertical tube 
furnace v/lth the sample at the center of the cor^stant temper­
ature region and the temperaturo slowly Increased. The 
temperature of the apparatus was measured by a thermocouple 
placed In the electrode holder and In contact with the glass 
upon which the film v/as deposited. 
6) A constant current, usually 10 ma., was passed 
through the polonium film betv/een the outer electrodes. The 
IR drop across that portion of the metallic film between the 
center electrodes was measured with a L. & N. potentiometer, 
cat. Ho. 8667. 
7) The apparatus vjas returned to room temperature and 
the electrode holder removed and placed in a special holder 
and the amount of polonium in the film was determined by 
alpha count. The comiting error vms less than 3 percent. 
The v/idth and length of the metal film V7as assumed to be 
equal to the dimensions of the hold in the platinum sliield. 
Khov/ing these dimensions, the density of polonium and the 
amount of polonium, the thickness of the metal film was cal­
culated bj'- asaiiming uniform deposition. 
The validity of the last assumption was checked by 
D. T. Vler, who took alpha ray photographs of the film in a 
special evacuated pin-hole camera. The density of the photo­
graphic image thus obtained was a measure of the thickness 
of the deposit since the deposit v/as so thin that there was 
no self absorption of alpha particles. Visual Inspection of 
9 
the photographic plates shov/ed that the edges of the polonium 
film were quite sharp and the deposition apparently uniform. 
Densitometer traces taken from end to end of two such images 
showed a uniform taper in the thlcloiess of the deposit amount­
ing to 8 percent in one case and 20 percent in the other. 
The assumption of unifoirm thiclcness for a film vdth 20 percent 
taper introduces an error of only 3 to 4 percent in the cal­
culated specific resistance. 
Microscopic examination up to 200X showed a smooth uni­
form film with small grain size. Note the circular outline 
of the tungsten electrode in the photomicrograph in Figure III, 
The results of several determinations as described above 
are shovm graphically in Figure IV and are also tabulated in 
Table I. 
It will be noted in Figure IV that between 65°C and 130°C 
there is a definite discontinuity in each curve. This was in­
terpreted as due to a change in the crystal structure of 
polonium, Tlie low temperat\ire phase has been designated o<,-
polonium and the high temperature phase ^-polonium. This in­
terpretation of the discontinuity has since been proven cor­
rect by the x-ray diffraction studies described in Part II 
of this paper, 
A polonium film was held at a temperature of -64°C for 
12 hours. The resistance of the film vms then measured as 
the apparatus was slowly heated to 50°C. There v/as no indica­
tion of a phase change inthis region. 
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It v/ill also be noted in Figure IV that the phase trans­
formation does not occur at the same temperature on the 
various films. This is discussed in Part III. 
All of the polonium films used for securing the data 
reported in Figure IV and Table I contained betv/een one and 
two percent lead. This was unavoidable since /"-polonium is 
deposited by the distillation and a resistivity curve secured 
with a freshly distilled film does not show a phase transition. 
The film must stand for several hours, usually overnight, in 
order for the beta-polonium to transform to alpha-polonium. 
P'urther the lead resulting from decay after the elec brodeposi­
tion is also distilled onto the electrode holder. 
The possibility that a large portion of the observed • 
conductivity might be due to a layer of ionized gas adjacent 
to the polonium was investigated. The conductivity of a given 
film in helit.m was found to be the same with a gas pressure 
of 10""'^ mm of Hg as it was with a pressure of 200 mm of Hg. 
The possibility that the high conductivity of polonium 
is a result of the ion pairs formed in the metal by the es­
caping -particles has been considered. Tlie number of ion 
pairs formed per unit volume of metal increases rapidly with 
the thickness of the metal film. If the conductivity of 
polonium results from these ion pairs, the specific conduc­
tivity would increase rapidly v/ith increasing film thickness. 
The specific conductivity was observed to be independent of 
the thickness of the film. 
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Table I. Electrical Resistivity of PolonlTim 
Heating Transl-
Rate tion 
Determination °C/min Range 
"C 
Specific Res- Thermal Goeffi-
istivity oc dent electrical 
micro-ohin-cm resistivity^  
o(- po Po Po /a- Po 
VIA 8. -86 43 .0045 47 .0058 
VIB 0.4 65-85 39 .0045 42 .0066 
VIIA 0.5 78-110 50 .0046 43 .0081 
VIIB 0.5 70-105 47 .0037 46 .0071 
VIII 0.8 100-130 33 .0056 35 .0071 
Average 42^ 10 .0046 44=tl0 .0070 
us AR 
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The average values or 42-^ 10 micro-ohm-oentiineters for 
RQ of od-polonium and 44^ 10 micro-ohm-centiraotors for of 
/9-polonium are believed to be maximum values rather than tr-ue 
values. All mdetermined errox'3 due to cracks, porosity or 
other physical defects In the polonium film add to make the 
specific resistivity secured with this technique larger than 
the true specific resistivity for massive metal. And In ad­
dition, if the presence of the unavoidable 1-2 percent lead 
appreciably affected the resistivity of the sample. It in­
creased It. Hoviever, it is thought that the effect of the 
lead is small since the resistivity of a sample did not change 
v/lth time (increasing lead content). 
Melting Point 
Pllma of polonium prepai-ed in tbe same manner as described 
for the resistivity measurements v;ere heated to temperatures 
around 250°C. Kear this temperature the resistance of the 
fllais alv/ays showed a large abrupt Increase which v/as usually 
followed by the breaking of the film. Figure V shows the 
results of several melting point determinations (The curves 
have been displaced to clearly shov/ the change in slope). The 
point of abrupt change in slope is taken as the melting point. 
The melting points of several other elements (Baker's 
C. P. grade) were determined by J. B. Roberts using tlie same 
technique and apparatus with the follo'-wing results: 
2JO 
/ye.jr MELTim Fowr 
2SO 
POINT or POLON/UM 
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Metal Experimental International Critical 
Tables 
Bi 269 271 
Cd 315 320,9 
Zn 417 419.5 
A visual melting point was taken with a alight modifica­
tion of the resistivity apparatus. Polonium was distilled 
from a tantalum tube with a small nozzle onto a glass surface 
at liquid air temperature. The sample was transferred from 
the distillation apparatus to a jacket containing a window 
throu^  which the polonium deposit could be observed and photo­
graphed. Figure VI shows the sample after it had warmed up to 
room temperatiire. Note the large cracks produced in the metal 
when it was "heated" from -1900C to 250C. This indicates a 
negative coefficient of expansion which was later found by-
x-ray diffraction measurements. 
The apparatus was placed in a tube furnace and the tem­
perature slowly raised. The temperature was measured by a 
thermocouple placed on the other side of the glass surface. 
The polonium deposit was viewed through a low power microscope 
during the heating period. At 2460C there was a distinct change 
in the surface of the deposit which was Interpreted as due to 
the melting of the sample. 
It is concluded that the melting point of polonium is 
254 i 10®C. 
Figure VII is a photograph of the end of the electrical 
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Pig. VI. Distilled polonivcn film heated from 
-190O to 25OC. 
Pig, VII. Distilled polonium film after melting 
point determination. 
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resistivity apparatus after a molting point determination. 
Globules of once-molten metal have formed on the ends of the 
metal electrodes and a rectangular "fence" of tiny "beads out­
line the edges of the film. 
Density 
Tlie density of polonium was determined by measuring the 
volume which a known mass of metal occupied in a small capil­
lary. 
The poloniijm was put into the capillary by the technique 
used to prepare samples for x-ray study and is described in 
detail in Part II. However, instead of a thin v;all capillary 
a heavy capillary with a fine bore was used. IPhis capillary 
was prepared in the laboratory and the end v/as sealed with a 
glass plug in order to obtain a "square" end. The capillary 
was calibrated with mercury before plugging the end and the 
bore found to be uniform to ±0.5^  in cross-sectional area in 
the 15 mm adjacent to the plug. 
After the polonium had been distilled into the capillary 
and the capillary sealed from the distillation apparatus in 
the usual manner the capillary was placed In a special centri.-
fuge cup and heated to 450OC, which is well above the melting 
point of polonivtm. While at this temperature the massive 
centrifuge cup and capillary were placed in a centrifuge and 
whirled until cool. In this manner the molten polonium was 
centrifugally cast into the caLIbrated end of the capillary. 
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The length of the "Ingot" was then measiired with a comparatoi? 
and microscope. 
The sample v/as cooled overnight in a bath of mineral oil 
at a temperature of -50°C, The length of the ingot v/as then 
measured while the temperature of the bath v/aa slowly raised 
to 1420C. 
The bath fumed so badly above 142^ 0 that no additional 
measurements could be made. 
Provided the to o<. transformation occurred during the 
overnight cooling period, the oi to /S transformation which 
shcnild have occurred near a bath temperature of 40° exhibited 
only a sli^ t change in volume. 
Further measurements v;e,re impossible because, upon melt­
ing, the ingot of polonium was dispersed in the form of many 
small slugs throughout the length of the capillary by the pres-
sxire of the entrapped helium formed by decay. 
Prom the weight, diameter, and length, the density of 
polonium v/as calculated to be 9.38 g/cc. This is probably cor­
rect to 0.5 g/cc. The meastxrements were not sufficiently ac­
curate to give a value for the expansion coefficient. 
Since the accuracy of the density calculated from the 
crystal structure data reported later is greater than the ac­
curacy of this method, no further direct determinations were 
made. 
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Summary 
Table II lists the properties of polonium as determined 
by this investigation and the properties of other elements as 
taken from the International Critical Tables. 
It is apparent that polonium is quite metallic in char­
acter and resembles Tl, Pb and Bi in its physical properties 
more closely than it does Se and Te. 
Table II, Comparison of the Physical Properties of Polonitna and Other Elements 
Group in Specific Thermal Coeffi­
Periodic Resistivity cient of Elect­ Melting 
Density g/cc Element Atomic Table mlcro-ohm- rical Resistiv­ Point 
No. cms ity 
4 R 
At R^  
S 16 VI 2 X 10^ ® large negative 113 2.07 
coefficient 
Se 54 VIB 2 X 10^  ^ large negative 220 4.80 
coefficient 
Te 52 VIB 2 X 10® large negative 452 6.24 
coefficient 
Po 84 VIB 42 .0046 (<) 254 9.4 
44 (/?) .0070 (^ ) 
B1 83 VB 115 .0045 . 271 9.80 
Pb 82 IVB 22 .0043 327 11.34 
T1 81 II IB 18 .0040 303 11.85 
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X-RAY DIFFRACTION STUDIES OF POLONIUM^  
The crystal structure of polonium was investigated in 
1936 by M. A. Rollier, S. B. Hendricks and Louis R. Maxwell (2). 
They obtained electron diffraction photographs from about 0«1 
micrograms of polonium that had been volatilized in a stream 
of hydrogen and deposited on a thin collodion film over an 
area of about three square millimeters. They interpreted the 
crystal stricture as probably monoclinlc with a = 7.42 X, 
b - 4.29 2, c s 14.10 S and C5< quite close to 90°, 
Apparatus 
Most of the photographs of this investigation were taken 
with a 7.5-cm-radlus General Electric Debye camera. Some pat­
terns were photographed with a back reflecting cylindrical 
camera with a radius of 5 cm. The former camera covered a 
p 
range in Sin 0 values from 0.003 to 0,97j the latter a range 
from 0.018 to 0.985. 
Good diffraction patterns were obtained with iron and 
copper radiation from General Electric CA-6 Diffraction X-Ray 
Tubes. The glass used In the capillary completely absorbed 
chromium radiation so that no patterns were obtained with this 
radiation. Photographs were attempted with molybdenum radla-
This section done jointly with Dr. W. H. Beamer. 
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tion, but because of the hl^  background and loss of intensity 
at high angles no more lines v/ere photographed than with cop­
per radiation. 
The films were measured v/ithout magnification with a 
pointer attached to a slide and vernier. The smallest divis­
ion which could be read on the vernier was 0,1 mm. The meas­
urement of any one sharp line had a possible error of -0.1 mmj 
the diameter of any sharp ring had a possible error of O^.Sitim. 
Preparation of sample 
Due to the characteristics of polonium discussed in Part I 
only glass enclosed powder samples were used. Prom 30 to 100 
micrograms of polonium v/ere put into the very end of a thin 
wall capillary with three successive vacuum distillations. The 
caplllai'y was drawn from a low absorbing lithia-borosilicate 
glass (Corning #707) which can be sealed directly to pyrex. A 
drawing of the apparatus used is shown in Figure VIII. 
Tlie procedure for the preparation of powder samples was as 
follows: 
1) The capillary and the end of the distillation apparatus 
up to the point "A" was thoroughly outgassed by evacuating to 
a pressure of 10 mm of Hg for 15-20 hours while holding at a 
temperature of 400-4-25®C in a tube furnace. 
2) The polonium was electroplated on a 40 mil platinum 
wire. The wire was placed in a small closed-end platinum tube 
(B) which was in turn placed in a small close-fitting quartz 
/4 mm Pv/Rfx 
£ 
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tube (C). 
3) The distillation apparatus was filled with a positive 
pressure of helium and the quartz tube (C) was inserted at the 
end (E) while helium was flowing throtigh the apparatus, llie 
apparatus was again evacuated to a pressvire of approximately 
lO'^ nim of Hg. 
4) The quartz tube was slid to the position (P) by tilt­
ing the apparatus on a ball joint. A hi^ -frequency induction 
coil was placed around the entire apparatus at (F) and the 
platinum tube heated rapidly to a red heat. At a pressure of 
between 10 and 10 ram this distilled the polonitun from the 
platinum wire in from 5 to 10 seconds. The polonium condensed 
as a shiny metallic mirror on the walls of the apparatus near 
the capillary. The quartz tube served as insulation and pre­
vented the red hot platinum from breaking the glass apparatus. 
The apparatus was open to the vacuum line during the dis­
tillation so that any permanent gases liberated from the plati­
num and quartz were continually removed. During the distilla­
tion the pressure of the permanent gases in the system did not 
-4 
exceed 10 iran. 
5) The quartz tube and platinum were returned to position 
(E) and the apparatus was sealed off at point (G). The polonium 
was then in a thoroughly out-gassed, closed glass system under 
a pressure of approximately 10 mm of Hg, 
6) Tlie evacuated apparatus was wrapped in glass wool and 
placed in a tube furnace so that the end of the capillary was 
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exposed to the open air. The tube furnace was held at 400°C 
for two or three hours. Due to the temperature gradient in 
the apparatus the polonium migrated into the capillary but 
since the temperature gradient in the capillary was not sharp, 
the polonium was distributed over a considerable length (H) 
of the capillary. 
7) The capillary was sealed off from the main apparatus 
at the point (J), and placed in a close-fitting hole in an 
aluminum block which was held at 400°C for another few hours. 
The temperature gradient in the capillary was now sharp and 
the polonitim migrated to the end of the capillary. 
8) The capillary was then mo\mted and photographed in 
the usual manner. By this procedure a small amount of polonium 
was concentrated into one spot in a capillary without exposure 
to air or danger of mechanical loss. 
The capillaries used were verysmall, usually 0,3 to 0,4 
mm 0,D. with a wall thickness of approximately 0,02 mm or less. 
The alpha particles which are released by radioactive decay 
and which have a range in air of 5 cm at this altitude (7300 ft) 
often penetrated the capillary walls, (Five cm of air is 
equivalent to 0,02 ran of glass,) The alpha particles from 
sample II used in obtaining films 27 and 28 reported in Tables 
III, IV and V had a range of over two cm in air after pene­
trating the capillary walls. 
Calx'oration of Cameras 
The technique described for the preparation of polonium 
26 
samples was developed with zinc as a stand-in for polonium. 
These samples were used to calibrate the cameras for the in­
vestigation, The zinc was obtained by electrodeposition 
from a solution of Baker's C.P. zinc sulphate. The constants 
for the crystal structiore of zinc were taken from Barrett (3) 
and were; a a 2.6595 X; c s 4,9368 The values for the 
camera radius which were calculated from individual zinc lines 
did not vary with the diffraction angle as did the values cal­
culated from the pattern of a nickel wire of comparable size 
photographed in the same mounting. This indicates very small 
absorption in small metal samples prepared by this technique. 
Estimation of Intensities 
All estimations of intensities were made visually. In 
addition to the usual method of reporting intensities from 
very strong (VS) to faint (P), a numerical value was assigned 
to each line. 
Ihe former method gives the intensity in terras of dis­
tinctness cf tho line above the backgrotind and in terms of ex­
posure, An over-e3cposed line is called very strongj a line 
barely visible above the background is called faint. 
The numerical values show more correctly the relative 
intensities between adjacent lines. An arbitrary hi^  value 
in agreement with the value of the calculated intensity was 
assigned to the first line. The intensity of the second line 
was estimated in terms of the first line and a value assigned. 
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The intensity of the third line was estimated in terms of the 
assigned value for the second line and so forth. The error 
in any estimation was thus carried throu^  all subsequent 
estimations but it is thou^ t that this is the most accurate 
method for showing the relative intensities of adjacent lines. 
Any non-linearity in the exposure characteristics of the film 
of course affected these numerical values. 
The intensity estimations were made difficult by the 
presence of an overall background from the gamma radiation 
associated with the radioactive decay. An exposure of 100 hotn?s 
to the gamma radiation from one sample completely blackened the 
film. The average exposure for unfiltered copper radiation was 
10-12 hours, while CuKd< radiation secured by filtering with one 
mil nickel required an exposure of 30 hours. In addition the 
c^ -phase polonium patterns v/ere further exposed to gamma radia­
tion for several houra while the sample was cooled before ex­
posure. 
Film Shrinkage 
It v/as found imnecessary to apply film shrinkage correct­
ions to the Debye films. Direct test showed that in the Los 
Alamos climate the double-coated. Blue Brand Eastman x-ray film 
has negligible shrinkage. 
Conflmiatlon of Existence of Two Phases for Polonium 
The x-ray data confirm the interpretation of the electrical 
28 
resistivity data which indicated the exJsbence of two crys­
talline forms of polonium. Two distinctly different diffrac­
tion patterns have been obtained from the same sample of 
polonium, Tlie photographs of these patterns are reproduced 
in Figure IX. 
Table III gives the observed spacings for -polonium and 
y9-polonium as determined by this investigation and the spac­
ings reported by Rolller, Hendricks and Maxwell (2). It is 
evident that polonium exists in two crystal modifications and 
that the pattern photographed by the previous workers orlgi-
glnated from a sample containing both phases. The possibility 
that one of these patterns arose from an unstable oxide was 
investigated. The diffraction pattern of a sample which had 
been partially oxidized by exposure to pure oxygen for several 
hours was a mixture of the pattern of /^ -polonium and an en­
tirely new pattern. Another sample upon longer exposure to 
oxygen gave this new pattern without either the oc-polonium or 
-polonitim patterns. 
Temperature Measurement and Control 
Only a very rou^  estimate can be given of the tempera­
ture of the polonium samples when the diffraction patterns 
wore photographed. The uncertainties here are greater than 
the uncertainties in the resistivity measvirements. The con­
centrated sample In the end of a small capillary with its 
associated air film is better insulated than a thin film of 
Diffraction pfttt?ra . Polonium - Cu K«c Radiation 
Diffr-12 vion patternyj- Polonium - Cu Krf Ridiation 
Figure IX 
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Table III. Obseipved Spaclngs and Intensities of Polonium 
Line o(- Polonium Polonium Reported in Ref (2) 
Intensity 1/d^  Intensity 1/d^  Intensity l/d^  
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
VS 
vs 
MS 
M 
S 
S 
M 
M 
W 
mi 
M 
P 
W 
w 
.0896 
.1795 
.2692 
.3595 
.4486 
.5371 
.7169 
.8065 
.8978 
.9866 
1.163 
1.253 
1.432 
1.519 
1.608 
VS 
S 
MS 
M 
MS 
m 
MS 
w 
w 
MW 
Wi 
w. 
w 
w 
F 
P 
P 
im 
w 
w 
w 
.0931 
.1550 
.2169 
.2486 
.3733 
.4045 
.4669 
.5279 
.6231 
.7153 
.8394 
.8708 
.9941 
1.026 
1.087 
1.151 
1.334 
1.395 
1.459 
1.490 
1.613 
1.641 
VS 
M 
MS 
V/ 
MW 
W 
w 
w/ 
M 
M 
VW 
V/ 
VW 
w 
V/ 
m 
v\v 
w; 
w 
v\v 
.0890 
.0940 
.1580 
.1804 
.2175 
.2481 
.2642 
.3634 
.370 
.4068 
.4480 
.46 
.5310 
.7170 
.8000 
.8465 
.8953 
.9920 
1.149 
1.248 
1.473 
1.627 
to 
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metal In intimate contact with a large mass of glass and metal 
electrode. It was expected that the x-ray samples would be at 
a temperature considerably higher than ambient temperature, 
lliis VIaa actually observed. 
The diffraction patterns photofrraphed with freshly pre­
pared samples at thermal equilibrium with static air always 
shov/ed the/?-phase only, e^ oC-phase pattern was only ob­
tained after prolonged cooling in a stream of refrigerated air. 
On returning the sample to thermal equilibrium with static air 
at room temperature, the diffraction pattern was predominantly 
that of-polonium althou^  the s tronger o<.-polonl\im lines were 
always present. Thus it appears that the temperature of the 
polonium samples when in equilibrium v/ith static air at room 
temperature was near the oi. totransformation temperature. 
In vtew of the electrical resistivity measurements the best 
estimate vih ich can be made for the temperature of the polonium 
• n 
sample under these conditions is 75-15 C. 
In order to obtain thec<-phase alone the polonium samples 
were cooled by a stream of dry air which had been refrigerated 
by passing tlrirough a copper coil immersed in dry ice and tri-
chloroethylene . A constant rate of air flow was maintained to 
minimize any change In the heat transfer coefficient between 
the air stream and the polonltun. A brisk rate of slow v/as 
used in order to obtain as good heat transfer as possible and 
thus decrease the temperature differential between the metal 
and the air stream. 
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'Ihe temperature of the air stream was determined by ex­
ploring the air stream in the vicinity of the sample wi th a 
thermocouple made of 3 mil wire. This temperature v/as found 
to be approximately -10°C. In view of the previous estimate 
and the better heat transfer for moving air the estimfite of 
the temperature of tlie polonium sample under this condition 
is 10il0°C. 
Crystal Structure of o<^ --Polonium 
The diffraction pattern of o<^ -polonium can be interpreted 
as that arising frcKi a simple cubic crystal v/ith a parameter 
of 3.345 - 0.002 ?L. 
Columns (3) and (6) of Table IV list the spacings and 
intensities observed on the besto^ -Po film. Columns (2) and 
(5) list the corresponding values calculated for a simple cubic 
structure with "a" s 3.345 
The film from which the values In Table IV were taken was 
photographed with Nl filtered Cu radiation in order to 
avoid the possibility of accidental coincidonoes with lines. 
The film had a very high background since it was e^ qjosed to 
gamma radiation for 55 hours while the sample was cooled and 
photogr£?)hed. The spacing corresponding to (h^  1^ ) 
equal to 12 was not obseT''ved on this film but hna been observed 
on other films with less background, A freshly prepared sample 
was used so that the lead content (approximately 1,5/0 v/ould 
be as low as possible. 
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Table IV. Calculated and Observed Spacings and Intensities 
For . o^ -Polonium o 
Simple Cubic with "a" c 3.345 A. 
Calculated 
l/d2 
Observed 
l/d^  
Calculated 
Intensity 
Observed 
Intensity 
1 .0894 .0896 100 100 VS 
2 .1787 .1795 91 80 VS 
3 .2681 .2692 38 40 MS 
4 .3575 .3595 21 25 M 
5 .4469 .4486 62 55 S 
6 .5362 .5371 50 45 s 
8 .7150 .7169 18 10 w 
9 .8045 .8065 42 30 M 
10 .8937 .8978 32 25 M 
11 .9831 .9866 32 15 MW 
12 1.0725 11 0 mmmm 
13 1.1619 1.1628 35 15 m 
14 1.2512 1.2526 75 30 M 
16 1.4300 1.432 12 5 P 
17 1.5193 1.5193# 132 20 w 
18 1.6087 1.608^ r 144 15 w 
•^ 'Average of resolvedo^ -j^  and 0(2 measurements. 
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The agreement between observed and calculated values of 
l/d^  is completely satisfactory. A variation of 0.002 X in 
the parameter would cause the observed and calculated patterns 
to disagree by an amount larger than the experimental error in 
measuring this particular film. Hence, the precision with 
which the parameter may be determined is - 0,002 Si although the 
parameter change associated with the large uncertainty in 
temperature is much larger than this, 
'fhe agreement between the calculated and observed inten­
sities is excellent for the first six lines. The observed in­
tensity values for the high angle lines were considerably less 
than the calculated intensity values. However, there was a 
general weakening of the entire observed pattern with increas­
ing diffraction angle and not an Isolated weakening of a par­
ticular line. This trend in the Intensities of the higher 
angle lines was observed with both oC-Po and /5-Po and In the 
calibration photographs taken with a zinc sample prepared in 
exactly the same manner and is probably a characteristic of 
minute samples prepared In this manner. As a result of this 
trend the intensities of higjh angle lines should not be com­
pared with the intensities of low angle lines. The comparison 
should be made between adjacent or near adjacent lines. When 
the ratio between the observed intensity values of adjacent 
lines was ccsnpared with the ratio between the calculated 
values for the same lines, satisfactory agreement was obtained 
for the entire pattern. 
35 
"Ehe calculated intensities for polonium do not include a 
correction for absorption. It is believed thatiiiis correction 
is small in spite of the hi^  atomic number of polonium because 
of the smallness of the sample and its distribution as a thin 
hollow cylinder on the walls of the capillary, rather than as 
a solid cylinder. 
The calculated density for this structure is 9.32 g/cc 
which is in the satisfactory agreement with the measured value 
of 9.4 i .5 g/cc. 
-1 
The structure belongs to the space group 
h 
Crystal Structure "Polonium 
The diffraction pattern of-polonium can be interpreted 
as that arising from a simple rhombohedral crystal with a para­
meter of 3.359 i 0.002 S and an angle of 9a°l3' 3'. 
Columns (4) and (6) of Table V list the spacings and in­
tensities observed on the best/S'-Po film. Columns (3) and (5) 
list the corresponding spacings and intensities calculated for 
a rhombohedral cell v/ith "a" = 3.359 ando<= 98° 13'. In column 
(2) are listed the corresponding rhombohedral indices. The 
spacings of this pattern occur in the ratio of simple v/hole 
numbers, and cubic indices may be assigned to each line. Column 
p 2 o (1) lists the (h t k f 1 ) values corresponding to the pseudo-
cubic indices. 
The agreement between observed and calculated spacings is 
completely satisfactory. VJhen the ratio between the observed 
'seud 
Cubi 
6 
10 
14 
16 
24 
26 
30 
34 
40 
46 
54 
56 
64 
Calculated and Observed Spacings and Intensities for ^ -Polonium 
Simple Rhombohedron a = 3.359 oCs 98° 13' 
Rhombohedral Calculated Observed Calculated Observed 
Indices l/d^  l/d^  Intensity Intensity 
100 .0931 .0931 200 200 vs 
lio .1552 .1550 108 100 s 
110 .2173 .2169 78 60 MS 
111 .2483 .2486 65 50 M 
111 
200 .3725 .3733 
13 
40 50 M 
210 .4035 .4045 73 60 MS 
211 .4656 .4669 30 15 jm 
210 
2li .5277 .5279 
53 
53 60 MS 
220 .6203 .6231 22 8 w 
211 
221 .7139 .7153 
19 
38 15 w 
221 17 
300 .8380 .8393 17 30 m 
310 34 
220 
311 .8691 .8708 
17 
17 5 w 
22g 
311 .9932 .9941 
16 
32 10 w 

221 
54 300 .8380 
310 
56 220 
311 
64 22g 
311 
.8691 
.9932 
66 3i0 
320 1.0243 
70 221 
321 1.0863 
74 3S1 1.1484 
80 311 1.2415 
322 1.3346 
90 320 
3§0 1.3967 
222 
94 410 1»4588 
2ii. 
222 
96 331 1.4898 
400 
104 420 1.6140 
106 321 , 1 • 6450 
Value is average of resolved o(. and 
17 
.8393 17 30 MW 
34 
.8708 5 V\/ 
.9941 3I 10 W 
32 
1.0255" 32 10 W 
1.0868* 34 5 W 
1.151 35 3 P 
18 not obs. 
44 
1.3344" II 2 P 
48 
1.3947" 24 IP 
58 
1.4586" 58 15 Wi 
27 
10 
1.4902'"' 62 10 W 
31 
1.6126'''" 110 3 WJ 
144 
1.641 iJl 6 W 
dt^  me a sur ement s. 
2 
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Intensity values of adjacent lines is compared v/ith the ratio 
between the calculated values for the same lines, satisfactory 
agreement is obtained for every line except line "94." The 
presence of a hi^  background makes it impossible to say whether 
this apparent discrepancy is real or not. The line is very 
sharp, and for this reason may appear more intense. 
Two or more indices are assigned to thirteen of the tv/enty-
two spacings observed in /S'-Polonium. This accidental agreement 
in the spacings of different families of planes must be very 
close since the lines observed on the photographic film are 
quite sharp. Exact agreement for all such accidental super­
positions is obtained when s 98°12' 40". Tlie exactness of 
this superposition is a function of " o< " alone and does not 
depend upon the parameter "a". The exactness of the superpo­
sition of planes 400 and 331 observed together as line "96" is 
the most susceptible to sli^ t changes in A change of 
i 3' would cause the spacing of these planes to be different 
by an observable amount. Similar consideration of planes 410 
and 411 observed as line "94" sets a limit of  ^5*, The dis­
tance between lines "94" and "96" is also very dependent upon 
" A change of more than 3* would be easily detected. 
Because of this pseudo-cubic nature of the /3-Polonium pat­
tern, many crystal lattices will give completely satisfactory 
agreement between the calculated and observed values of the 
spacings. Table VI lists some of these structures which have 
been considered and discarded on the basis of intensity calcu­
lations. 
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Table VI. Structures Considered for ^  -Polonium 
TvEoiHiT'peF 
Structure Parameters Unit Cell Density 
a b c 
Base centered 
orthorhombic 3.278 4.292 5.080 2 9.74 
Pace centered 
orthorhombic 4.013 6.951 5.675 4 8.81 
Cubic 8.029 14 9.43 
Hexagonal 6.556 4.015 4 9.32 
Hexagonal 6.556 8.029 8 9.32 
Hexagonal 5.078 9.833 6 9.52 
Hexagonal 6.556 7.617 8 9.82 
Those structures either forbid an observed line or allow 
a strong line which is unobserved. It is possible that the 
investigators have overlooked a structure which would give as 
good or better agreement in intensity. However, it appears 
that the rhombohedral structure accounts for the existing data. 
The patterns reported in Table IV and V were obtained from 
the same sample. The-polonium pattern was photographed im­
mediately after the preparation of the sample. The lead con­
tent at this time was approximately 0.5J?J. 
The calculated density for this structure is 9.51 g/cc, 
is in satisfactory agreement with the measured value of 
9.4 i .5 g/cc. 
5 This structure belongs to space group . 
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The Po-Pb Alloy System 
The radioactive decay of polonitm converts each day about 
one-half per cent of the existing polonium into lead. As a 
result the atomic per cent of lead in a polonium-filled capil­
lary is constantly increasing with time. In 138 days a sample 
will contain 50 atomic per cent lead. X-ray diffraction pat­
terns for a series of alloys of polonitmi and lead may therefore 
be obtained v/ith one sample by photographing it at diiforent 
times after its preparation. 
A polonium sample has been studied in this manner for 138 
days. Although the interpretation of the data is limited by 
the tmcertainty in the temperature some knowledge has been 
gained of the Po-Pb system. Since no additional lines have 
been observed on any of the films taken over this period It is 
concluded that lead forms a solid solution withc>(-polonium to 
the extent of at least 50 atomic per cent. 
The photographs taken the first few days showed only the 
pattern of-polonium. This was the first sample photographed 
and considerable difficulty v/as encountered with the cooling 
necessary to promote the to transformation. As a result 
the pattern of the c>(_-ldias© was not obtained until the sample 
contained 4^  lead. All subsequent photographs taken with the 
sample in thermal equilibrium v/ith static air showed some lines 
of o(.-Po. At first the pattern was predominantly that of/^ -Po 
with only the strongerc<-Po lines appearing. With time the 
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oC-Po lines gained in Intensity while the /?-Po lines lost. On 
the particular sample being studied the /^ -Po lines were not 
observed when the samole contained more than 25 atomic per 
cent load. 
This change in the relative amounts of the tv/o phases 
present Is probably a function both of the lead content which 
is increasing and of the temperature which is undoubtedly de­
creasing with the decay of the sample. 
Figure X shows the parameters of the two phases as a 
function of time. The parameter plotted for^ -Po is the ave­
rage of the parameters calculated from the measurements of the 
(lie), (110), (111), (210), and (210), (211) lines. Theo(-Po 
is similarly the average of the parameters calculated for the 
(110), (111), and (211) lines, 'ITiose lines were selected be­
cause they appeared on all films and because there are no 
Kpc or lines of either phase near them. 
It was realized that the parameter calculated from such 
low angle lines might have considerable error as a result of 
systematic errors in the camera. But by always averaging the 
values obtained from the same lines in the same camera and 
same mounting it was believed that any systematic error was at 
least minimized in the study of the change in parameter from 
film to film. Table VII which contains all the values of the 
parameters averaged to obtain the points plotted in Figure x 
shows the validity of this assumption. 
The fact that the parameters listed in ^ •'•'able Vllfor the 
i 
J.38 — 
Elapsed Time-Days 
'ho so 6o 7a 100 no 1^ 0 130 
'X 
3.37 
3.36 
3^.3S 
 ^3.33 
,V 
 ^3.3/ 
\ 
^ SJOl. 
 ^3.2S 
I ^ 32S 
& ® 
3.27-
111  
© 
ll 
1 1 
1 1 
Para/veter of Polon/um 
Paraweter of c^ -Polon/um 
' ^ Un coo leal Sample 
® = Cooled Sample 
/O /5 25 30 
Ato/v/c Percent Lead 
F/GX LATTICE PARAMETEE^ OE Po-Pb ALLOYS 
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Table VII. Parameters Calculated from Individual Measurements 
J'ilm 
Wo. 
Elapsed 
Time l>ays 
% 
Pb 
0
 o
 
1 H
 
c<-Po 
110 
/ff-Po 
110 iii 
c<-P0 
111 
;^-P0 
2l0 10
 1
 
o
 o
 
c<-P0 
211 
12 0.5 0.4 3.365 3.356 3.364 3.360 3.355 
13 1 0.5 3.365 3.356 3.355 3.360 3.355 
14 2 1 3.365 3 . o53 3.358 3.362 3.355 
15'"' 3 2 3.350 3.353 3.347 3.350 3.351 
16""' 7 4 3.352 3.346 3.3; 
17 8 4.5 3.362 
3.282 
3.347 3.358 
3.286 
3.358 3.358 
3.2J 
18"'^  10 5.5 3.348 3.344 3.3-
19 13 7 3.369 
3.288 
3.353 3.361 
3.291 
3.362 3.356 
3.21 
20 14 7.5 3.362 
3.285 
3.353 3.364 3.358 
21 15 8 3.362 
3.285 
3.353 3.358 
3.283 
3.358 3.351 
3.2. 
22'-^  17 9 3.348 3.344 3.3-
23 20 10 3.365 
3.288 
3.353 3.358 
3.289 
3.360 3.351 
3.21 
24 20.5 10.5 3.365 
3.288 
3.350 3.358 
3.289 
3.358 3.351 
3.2( 
29 38 18 3.365 
3.288 
3.350 3.358 
3.286 
3.358 3.353 
3.2 
44 48 22 
3.287 
3.351 3.365 
3.284 
3.359 3.358 
3.2 
51 56 25 
3.285 
3.353 3.358 
3.283 
3.358 3.350 
3.2 
52A 78 33 3.285 3.282 3.2 
62 98 40 3.285 3.281 3.2 
63 99 40 3.285 3.279 3.2 
70 138 50 3.285 3.276 3.2 
'Samples cooled while being photographed. 
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Calculated from Individual Measurements 
c<-Po /S-2o oi^ -Po /^ -Po /^ '-Po c<,-Po Average 
110 110 110 111 111 2l0 210 811 -^Fo -^Po 
3.365 
3.365 
3.365 
3.350 
3.362 
3.369 
3.362 
3.362 
3.365 
|3.365 
i 
I I 
13.365 
3.352 
3.282 
3.348 
3.288 
3.285 
3.285 
3.348 
3.288 
3.288 
3.288 
3.287 
3.285 
3.285 
3.285 
3.285 
3.285 
3.356 3.364 
3.356 3.355 
3.553 3.358 
3.353 3.347 
3.347 3.358 
3.353 3.361 
3.353 3.364 
3.353 3.358 
3.353 3.358 
3.350 3.358 
3.350 3.358 
3.351 3.365 
3.353 3.358 
3.346 
3.286 
3.344 
3.291 
3.283 
3.344 
3.289 
3.289 
3,286 
3.284 
3.283 
3.282 
3.281 
3.279 
3.276 
3.360 3.355 
3.360 3.355 
3.362 3.355 
3.350 3.351 
3.358 3.358 
3.362 3.356 
3.358 
3.350 3.351 
3.360 3.351 
3.358 3.351 
3.358 3.353 
3.359 3.358 
3.358 3.350 
3.337 3.345 
3.285 
3.345 
3.287 
3.287 
3.340 
3.285 
3.282 
3.284 
3.288 
3.285 
3.285 
3.284 
3.280 
3.276 
3.284 
3.346 
3.289 
3.285 
3.285 
3.344 
3.287 
3.286 
3.286 
3.286 
3.284 
3.284 
3.283 
3.281 
3.279 
3.360 
3.358 
3.359 
3.350 
3.357 
3.360 
3.359 
3.356 
3.357 
3.357 
3.357 
3.358 
3.355 
being photographed. 
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(110) line of /^ -polonliim appears to be alv/ays low, has caused 
the Investigators considerable worry. There are four condi­
tions from which this discrepancy might arise: 
1) A change in parameter of this magnitude would be 
produced if the average measured diameter of the ring v/as in 
error by 0.2 mm. This was the order of magnitude of the error 
in measuring the diameter of an individual line. But it is not 
probable that the error for the average of ten measurements is 
this large. 
2) If the apparent center of the line is shifted by 0.1 mm 
by the non-exact superposition of an impurity line an e3?ror of 
this size would result. With this sample there are a few weak 
impurity lines observed in other portions of the film. On the 
basis of some work now in progress by one of the investigators 
it is believed that these impurity lines arii:e from an oxide. 
») A diange of 7' in the angle " oc" produces a change in 
the position of the 110 line by an amount sufficient to account 
for this discrepancy. However, as discussed earlier, the limit 
of error for is believed to be only ^  3'. 
4) It is possible that the proposed rhombehedral structure 
is incorrect and henco the parameters calculated with it as a 
basis could not be expected to agree from line to line. 
In view of the fact that the apparent discrepancy is so 
near the limits of e3?ror and in view of the first three possible 
causes for the error the investigators believe the proposed 
structure to be correct. 
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Coefficient of Expansion 
No exporlments were specifically designed to determine 
the coefficient of thermal expansion. However, it is possible 
to draw certain conclusions from the data recorded in Table VII 
and S'igure X as to the order of magnitude of the coefficients 
for the two phases. 
Films 16, 18, and 22 were taken while the sample was at 
thermal equilibrium with a stream of cold air. The average 
parameter for the ok-Po lines recorded on these films is 3.345 S. 
Films 17, 19, 20, 21 and 23 were taken while the sample was in 
equilibrium with static air at room temperature. The average 
parameter for ot^ -Po as recorded on these films is 3.286 X. The 
difference is many-fold larger than the difference between the 
individual measurements which were averaged. One mtist conclude 
that the ^ -phase of polonliim when containing between 4^  and 9^  
lead has a negative coefficient of expansion, Calcxilatlorm 
using the temperature estimations of pages 31 and32 places the 
numerical value of the coefficient of thermal expansion for 
this alloy at -300 ^  100 x lO"® cm/cm/°G. 
Diffraction patterns photographed when the sample con­
tained 41 atomic per cent lead show that the coefficient of 
expansion for this alloy is much smaller. It is still negative, 
with a value of approximately -30 x 10" cm/cm/°C. The meas­
urements from these patterns are not included in Table VII and 
Figure X because the patterns were photographed v/lth a different 
mounting of the sample. With low angle lines the parameters 
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can only be compared on films photographed in the same camera 
with the same mounting. 
Films 12, 13 and 14 v/ere obtained v/ith an uncooled po­
lonium sample. The average parameter for the /^ -phase as de­
termined on these film is 3.359 X. Unfortunately Film 15 was 
the only film recording the /5-phase of a cooled sample. Its 
average parameter value is 3.350 X. This indicates thatyd'-Po 
has a positive coefficient of expansion. Calculations using 
the temperature estimations on pages 3o and?i ^ ce the numerical 
value of the thermal coefficient of/iS-polonium containing 1.5^  
lead at 50 ^  25 x 10**® cm/cm/°C. 
Atomic Diameter of Polonium 
Figure X shows that the parameter of the ot^ -polonitim phase 
decreases slightly with time. During the time the sample was 
studied the lead content increased to 50^  and the temperature 
most certainly decreased with the decrease in the amount of 
radioactive material. Neglecting the temperature change and 
taking the extrapolated value of the atomic diameter of P<.-po-
lonium at ssero lead content as 3.288 % the atomic diameter for 
lead was calculated to be 3.27 R in a simple cube with a co­
ordination number of six. In view of the temperature drop and 
the negative coefficient of expansion of (7<c-polonlum the correct 
value for the atomic diameter of lead is evidently less than 
this. 
The atomic diameter of lead in a f.c.c. crystal with co­
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ordination number of tvrelve is observed to bo 3.49 S. Hie 
ratio between this value and the value calculated for a co­
ordination number of six is 1.07. According to Goldschmidt 
(4) the expected ratio is 1.04. On the other hand IVestgren 
and Almin (5) have, on the assumption of constant atomic vol-
me, calculated the ratio to be 1.123. The observed value 
lies betv/een these two predictions. 
Possible values for the atomic diameter of poloniiun v/ith 
a coordination number of twelve are listed below using the 
ratios of Goldschmidt, ^ '"/estgren and Almin, and the ratio ob­
tained for lead in this Investigation. These values are for 
polonium at a temperature where the two phases co-exist, 
probably near 75°C. 
Ratio gC-Po /S-Po 
Goldschmidt 1.04 3.42 3.49 
Westgren and 1.123 3.69 3.77 
Almin 
This work 1.07 3.52 3.60 
Over the composition range where both phases co-exist, 
the parameter of ^ -polonium was observed to change at essen­
tially the same rate with respect to time as the parameter 
of oirpolonium. This occurs in spite of the fact that the two 
phases of necessity underwent the same temperature change and 
have such radically different coefficients of expansion. 
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Dlaouaalon of the Structures 
The simple cubic structure and simple rhombohedral 
structure observed for polonium are far from what one waald 
expect from the position of polonium in the periodic table. 
Hume Rothery (6), as shown in Figure XI, has divided 
the periodic table into three classes according to the crys­
tal structure of the elements. 
Li Be 
Na Mg 
B 
A1 Si P S CI 
K Ca So Ti V Cr Mn Pe Go Ni Cu 
Rb Sr Yt Zr Nb Mo Ma Ru Rh Pd Ag 
Os Ba La (Ce Rare Earth Group) 
Hf Ta W Re Os Ir Pt Au 
Th U 
Glass I. 
lin Ga 
Cd In 
Ge As Se Br 
Sn 
Hg Tl Pb 
Sb Te I 
Bi 
Class II Class III 
Figure XI. Classification of the Crystal Structure of the 
Elements 
With the exception of manganese, uranium and one form of 
tungsten, vfliich are complex in structure, all of the elements 
in Class I crystallize in one of the typical metallic struc­
tures, the body-centered cube, the face-centered cube and 
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close-packed hexagonal structtire. 
Class III, in which one v/ould expect to find polonium, 
contains all the other elements of Groups IV, V, VI and VII 
except lead, vftiite tin and the light elements nitrogen, oxy­
gen and fluorine. The elements of this class crystallize so 
that each atom has (8-N) close neighbors, where N is the num­
ber of the group to vihich the element belongs. These closest 
neigfibors are generally considered as being connected by co-
valent bonds rather than metallic bonds. The crystal struc-
tvires of selenium and tellurium (Group VI) are such that the 
atoms are arranged in spiral chains so that each has tv^ o close 
neighbors in accordance with the "(8-N) rule." The angles be­
tween lines joining the center of any one atom to those of its 
close nei^ bors are approximately 90°. 
The elements of Class II, with the exception of indium, 
thallium and lead, form a transition group in which the crys­
tal structure is a distorted form of the typical metallic 
stimctures. In the cases of zinc, cadmium, and mercury the 
distortion is such that the number of close nei^ ibors agrees 
v/lth the (8-N) rule although the bonds are not considered en­
tirely covalent. 
The elements inditim, thallium and lead form an interest­
ing group in which the structure is that of a normal metal, 
or a very sligjht modification of it, but in vfliich the atoms 
are almost certainly incompletely ionized. Hume-Rothery 
reached this conclusion from a study of interatomic distances 
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and other properties of these elements. The Interatomic dis­
tances for the close-packed hexagonal structure of <3(-thallluin 
and the face-centered cubic structure of lead are much greater 
than those of the preceding tuiivalent element gold. This is 
in contrast to the first long period where the interatomic dis­
tances differ comparatively sli^ tly in the whole series of 
elements copper, zinc, gallium, gemanium and arsenic. Similar 
discrepancies exist for the interatomic distances of indium 
and white tin in the second long period. 
Polonium most closely resembles this subf^ roup of elements 
with a true metallic structure in which the atoms are incom­
pletely ionized. The simple cubic structure has never been 
observed for another element, but it has the symmetrical prop­
erties associated with true metallic bonding. The six close 
neighbors and twelve next close nei^ bors are arranged perfectly 
symmetrically around each atom. The simple rhombohedral struc­
ture of the /9-phase can be considered as a slight distortion 
of the o<^ -phase. Each atom still has the same six close-neigh-
bors but they are not symmetrically placed around the atom. 
They are arranged in groups of three 180° apart. The tv/elve 
second-close nei^ bors are divided into two groups of six, one 
of which is closer to and one further from the atom than before. 
First-close nei^ bors ol-phase « /^ -phase 
6 - 3.29 A 3,3 - 3.36 A 
Second-close neighbors 12 - 4,65 S f ~ t'no 
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If polonium were a member of Class III and conformed, to 
the (8-N) rule one would expect its interatomic distance to 
be of the order of magnitude of 3.10 X observed for bismuth. 
Instead the interatomic distance is observed to be around 
3.60 1 when corrected for change in coordination number. With 
the same coordination number the interatomic distance of po­
lonium is slightly larger than that of lead, which is what is 
expected with a larger atomic number if the degree of ioniza­
tion is approximately the same. Further, the melting point, 
electrical resistance, density and hardness are similar to 
those of lead and are characteristic of metallic bonding. 
The large negative coefficient of thermal expansion ob­
served for -polonitan has no parnllel among the other elements. 
This coefficient usually varies from the order of 80 x 10" 
for the alkali metals to a value of the order of 5 x lO"^  for 
hard metals. Yet irrespective of sign the magnitude of the 
coefficient for -polonitun is believed to be 300 x 10~®. No 
explanation can be offered for the negative expansion coef­
ficient with the limited knowledge now available of the other 
properties of polonium. Information as to its magnetic prop­
erties should be of great value In view of the fact that 
anomalies (of much smaller magnitude) in the coefficient of 
expansion are usually associated with the ferromagnetic metals 
and alloys near their curie point. 
Although probably of no significance, it is interesting 
to note that ^ -poloniiun is exactly the same distortion of a 
simple cube as mercury is of a face-contered cube.(7) 
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THE ALLOTROPY OF POLONIUM 
Wo syateinatic investigation of the transformation of po­
lonium has been made* The observations presented here were 
Incidental to other Investigations and the conclusions drawn 
are only suggestive. 
The crystal transfomatlon in polonium should proceed 
quite rapidly to a state of equllibrlmi since the /9-structure 
Is only a sll^ t modification of the oC-structure. The transi­
tion cannot be retarded by the necessity for long range dif­
fusion usually required in the reactions of alloys. Yet both 
the x-ray data and electrical resistivity data of this Investi­
gation show that alpha and beta polonium co-exist for long 
periods of time over a considerable range of temperature. The 
data also show that the temperature of the transforimtlon of 
beta to alpha is considerably lov;er than the temperature of the 
transformation from alpha to beta. Further, the range of tem­
perature of the oC to /5 transformation was found to vary with 
the thickness of the sample used for the determination. 
In Figure IV, Curves VIA and VIB which were taken on the 
same polonium film show that the <?( to /? transformation was 
completed at essentially the same temperature regardless of 
the rate of heating. In obtaining Curve VIA the sample v/as 
heated from 50°G to 9B°G in 6 minutes v/hlle 103 minutes were 
used to cover the same temperature range In obtaining Curve VIB. 
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Further, there was no change In the resistance of the film 
when its temperature was held constant for 10 minutes at 68°C, 
althou^  the transformation had been observed to begin 8 
minutes earlier at 65°C, 
TfVhen the samples used in obtaining Figure IV v;ere slowly 
cooled to room temperatui'e the resistance did not follow the 
cotirsea described by the heating curves. There were no indi­
cations of a ^  to oC transition. The cooling curves coincided 
with those portions of the heating curves above the transition 
temperature but below this temperature the ctirves continued 
i 
in smooth lines with no break to show the to < transition. 
Figure XII shows two complete heating cycles for sample VI. 
I'he ntmibers on the graph give the elapsed time in Biinutes from 
the start of the first cooling curve. The ^  to c< transition 
usTially required 10 to 15 hoiu's for completion at room tem­
perature, although a decided drop in resistance could bo ob­
served in one or two hours. The possibility that this hystersis 
was solely the result of a slov/ reaction rate was investigated 
by holding the sample losed in obtaining curve VIXB Figure IV 
at 60®C for four hours. Althou^ jh this was 15°C below the be­
ginning of the eC to /S transition observed on heating only one 
hour earlier there was no change in resistance to show tliat 
any to oi^  transf oinnation had occurred. 
Figure IV shows that the range of temperature over vAiich 
the cK to ^  transformation occurred was dependent upon the size 
of the sample used in the determination. C\irve VIB obtained 
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with a sample approximately 4,000 atoms thick shows a transi­
tion range from 65° to 85°C, Curve VIII obtained with a film 
only 350 atoms thick shows a range from 100° to 130°C. Curves 
VIIA and VIIB obtained with an intermediate thickness of ap­
proximately 3,000 atoms show an intermediate range of from 
75° to 105°C. Other curves with films 10,000 atoms thick show 
a range of 65° to 85°C, 
It was thou^ t that the variance in the transition tempera­
tures for samples of different size was a measure of the vari­
able temperature differential necessarily associated with the 
apparatus used to measure the resistance. To investigate this 
possibility a special conduct'"«>s eorstructed 
using thermocouple wire instead of tungsten for the electrodes. 
Three Pt and one Pt-10^  Rh wires were used. The distilled metal 
then served as the "bead" of the thermocouple and the true 
temperature of the polonium film was measured. The temperature 
of a film several times as thick as any previously used was 
found to be only 2® or 3°C above room temperatiire. With this 
apparatus the transition range and melting point for this film 
thickness wore found to be 68° to 86°C and 254°C. Certainly 
the variance in the temperature of the U to ^  transition cannot 
be accotinted for by the variable "At." 
Consideration of the pairs of curves VIA and VIB and VIIA 
and VIIB in Figure IV shows that the difference in the trans­
formation temperature cannot be easily explained by a differ­
ence in the lead content. Each of the pairs of curves was 
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taken with a different aample with sufficient lapse of time 
to change the magnitude of the lead content. Yet for each 
sample there was no appreciable change in the transition 
temperature with this change in lead content. The estimeted 
lead content at the time of each determination was: 
An unsuccessful attempt to extend these observations to 
higher lead contents and to obtain a liquidus curve for lead 
alloys was made by R. V/, Senseman. The distilled films upon 
which the electrical resistivity was being measured were de­
stroyed by oxidation when they stood for long periods of time. 
There was no obvious way to de-gas the apparatus and prevent 
this oxidation. 
Investigations on cobalt have shown that its transforma­
tion temperature varies with the grain size and heat treatment 
of each sample. The observations of Edwards and Lipsora (8) 
are given here for comparison pixTposes. The to c< transforma­
tion on cooling began at 400°C for rod specimens and was almost 
complete at 300°C« For powder specimens the transformation 
began near 300®C and was only half complete at room temperature. 
The oC to ^  transformation on heating exhibited a much smaller 
range near 500°C. The transition temperature appeared to be 
higher for rod specimens than for powder specimens. They found 
that of the theories proposed to account for such anomalies 
VIA - 0.5^  ^
VIB - 0.95^  
VIIA - 0,^ 7% 
VIIB - 1.75^  
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only that of Dehlinger (9) seemed to account for their observa­
tions. 
According to Dehlinger the change in surface energy for 
small grains may "become comparable with the energy of the crys­
tal transformation. If there Is a positive volume change ac­
companying the transition so that surface is generated, then 
the energy necessai»y for the transformation of small crystals 
is greater than the energy required by a large crystal. In 
the case ot a transition occixrring on heating this change would 
be indicated by an increase in the transition temperature. In 
such a case the temperature of transition for a specimen would 
depend upon the grain size of the specimen. If there were a 
range in grain sizes then there would be observed a range of 
transition temijoratures, Tlie magnitude of the temperature 
change would be a function of (l) the surface energy, (2) the 
volTjjne change, (3) the heat of transformation for massive metal 
and (4) the angle at which the free energy-temperature curves 
of the two phases intersect, 
Dehlinger calculated that in the cane of thallium, which 
undergoes a h,c.p. to f.c.c. transition similar to cobalt, the 
change in surface energy accompanying crystal transformation 
would be of the order of the heat of transformation for grains 
with a diameter of 2 x IC^ cm. This diameter is rou^ aly of 
the order of magnitude of the thickness of the polonium samples 
investigated. 
Dehlinger's theory seems to account for the anomalous 
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observations on the polonium transition. There is a volume 
increase of 5% accorqjanying the d. to transition, the trans­
ition occurs over a range of temperatures and those tempera­
tures increase with a decrease in the thickness of the sample 
used for the determination. 
E. R. Jetts has pointed out that the occurrence of the 
rhombohedral structure as the high temperature phase is an 
exception to the general rule that among metals and alloys 
the high temperature phase is usually more simple than the 
low temperature phase. He suggests that this may "bear some 
relation to the negative coefficient of expansion. 
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